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ABSTRACT

Aim

To develop assays for the determination of functional vitamin status and to determine the
functional vitamin status of an elderly population. Specifically the focus has been to develop
assays to measure the biological concentrations of N, N-dimethylglycine and glycine betaine

as possible markers of functional folate status.

Background

Functional vitamin deficiencies arise when the tissue concentration of a vitamin derived
coenzyme is inadequate this can occur despite normal concentrations of the vitamin in the
blood or urine, and leads to lower activity of the vitamin dependent enzyme. The lowered
enzyme activity causes changes in the concentrations of metabolites associated with the
biochemical pathway catalysed by the enzyme. The amount of vitamin at a tissue level can be
determined by measuring these changes. Functional vitamin deficiencies have been associated
with many chronic diseases; the relationships between nutrients and disease can be

investigated using appropriate assays.

Methods and results

Two new trifluromethanesulfonate reagents (2-phenanthrenacyl and 6-methoxynapthacyl)
have been synthesised. These reagents form highly fluorescent derivatives with
N,N-dimethylglycine, glycine betaine and propionylcarnitine. Using 2-phenanthrenacyl
triflate as the derivatising reagent the detection limit for glycine betaine is improved from
0.2 uM to 0.04 uM. Optimisation is achieved by changing the solvent, base and water content
of the reaction mixture. Polar aprotic solvents are used, with the presence of some water or
alcohol tolerated. Suitable bases include the inorganic bases, magnesium hydroxide, silver

oxide and lithium phosphate.

The cationic derivatives of N,N-dimethylglycine and glycine betaine in plasma are separated
by HPLC on an alumina column within 50 minutes. Cation exchange HPLC is carried out
using a polar organic solvent containing an aqueous buffer with an organic cation and a
hydrophilic anion. Selectivity is affected by the choice of organic solvent and buffer.
Increasing the water content and the buffer concentration reduces the retention of the

derivatives. Propionylcarnitine can be quantified after separation by HPLC on a
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non-endcapped strong cation exchange column however the use of this assay to detect

functional biotin deficiency has not been validated.

'H NMR can be used to measure N, N-dimethylglycine and glycine betaine in urine. The inter
and intra-assay CV’s were < 10% and recoveries were > 97% over a linear range from 50 uM
to 1000 pM. Limits of detection using "H NMR spectroscopy (15 — 25 uM) are higher than

HPLC assays, though adequate for the detection of raised concentrations in urine.

Elderly hip fracture patients (aged 65-90) were investigated, as they are known to have poor
nutrition compared to health elderly, and would be expected to have associated vitamin
deficiencies. A greater percentage of hip fracture patients had insufficient vitamin B;, and
folate concentrations compared to age matched healthy elderly controls (Folate 55% and 32%
<120 pM, Vitamin Bj; 7% and 5% <8.5 nM). The results for other analytes are difficult to
interpret because of the affects of recent trauma. In the control population glycine betaine
predicts total homocysteine concentrations (multiple linear regression —0.055 P = 0.099) and
is a stronger predictor of folate than total homocysteine. The ratio of the concentrations of

N,N-dimethylglycine/glycine betaine was not significantly associated with folate status.

Conclusion

The concentrations of N, N-dimethylglycine and glycine betaine in plasma can be measured by
HPLC, and in urine by '"H NMR. In healthy elderly there is a high prevalence of vitamin
deficiency. The ratio of N, N-dimethylglycine/glycine betaine is not an appropriate marker of
functional folate status, however the associations between glycine betaine and homocysteine

metabolism require further investigation.
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CHAPTER ONE

AN OVERVIEW OF VITAMIN DEFICIENCIES AND METHODS FOR THE
DETERMINATION OF VITAMIN STATUS





1 AN OVERVIEW OF VITAMIN DEFICIENCIES AND METHODS FOR THE
DETERMINATION OF VITAMIN STATUS

1.1 HISTORY AND SIGNIFICANCE OF VITAMINS

Vitamins are organic compounds that are essential for normal growth and metabolism but are
not synthesised de novo by the organism that requires them (p. 586, Garrett and Grisham
1999). Vitamins must therefore be obtained in trace amounts from the diet. The influence of
diet on health has been recognised for many years and changes to the diet were used to treat
disease long before vitamins were identified. Three thousand years ago the ancient Egyptians
knew that feeding a patient liver would help to cure night blindness. It is now known that this
treatment cured the vitamin A deficiency, which causes this complaint. In 1747 James Lind
found that citrus fruits would cure and prevent scurvy but the connection between vitamin C
and scurvy was not made until 1932. In 1753 Lind published his Treatise on the Scurvy (Lind
1753), which unfortunately was largely ignored and more sailors were killed by scurvy than
wars of the time. About 40 years later the British Navy made it compulsory to carry lime juice

on long voyages; sailors were dosed daily and scurvy virtually disappeared.

It is now recognised that vitamins have varied biological roles, far greater than the prevention
of classical deficiency diseases. Fat-soluble vitamins have essential roles in a variety of
critical biological processes, including vision (Vitamin A), maintenance of bone structure
(Vitamin D) and blood coagulation (Vitamin K). These vitamins are usually stored in the
liver, and toxicity can occur if they are present in excess. The water-soluble B vitamins are
components or precursors of coenzymes the functions of which are described in Table 1.1.
Coenzymes are low molecular weight compounds, present in small amounts which are
recycled and used repeatedly (p. 586, Garrett and Grisham 1999). In addition to acting as
carriers for functional groups, coenzymes also broaden the range of catalytic properties

possessed by enzymes.





Table 1.1 Vitamin derived coenzymes and their biological roles’'

Vitamin Coenzyme Biological roles of coenzyme

Thiamine Thiamine pyrophosphate Carbohydrate metabolism, cleavage/synthesis of
carbonyl carbons
Vitamin B, 5-Deoxyadenosylcobalamin, Intramolecular rearrangements, reduction (in
Methylcobalamin bacteria) of ribonucleotides to

deoxyribonucleotides, methyl group transfers

Biotin Biotin-lysine complexes (Biocytin)  Mobile carboxyl group carrier in carboxylation
reactions

Folic acid Tetrahydrofolate Acceptor and donator of one-carbon units

Vitamin Bg Pyridoxal phosphate Amino group transfer

Niacin Nicotinamide adenine dinucleotide,  Oxidation-reduction reactions

Nicotinamide adenine dinucleotide
phosphate

Riboflavin Flavin mononucleotide, Flavin Oxidation-reduction reactions
adenine dinucleotide

Pantothenic acid Coenzyme A Transient carrier of acyl groups

! (9587, Garrett and Grisham 1999)

Deficiencies of water-soluble vitamins occur if intake is inadequate to meet the requirements
of the body. In section 1.2 some of the reasons that vitamin requirements are increased are
discussed. When the tissue stores are depleted there is a lack of vitamin-derived coenzyme
and the enzymes that require the coenzyme no longer function optimally. This depletion of the
vitamin at the tissue level is a functional vitamin deficiency. The time taken for functional
deficiency to occur once intake is insufficient is dependent on the amount of vitamin stored
and the amount required to meet demands. For example, folate depletion will occur more
quickly than vitamin B, because smaller amounts are stored. Functional vitamin deficiencies
can lead to DNA damage, and changes to proteins, enzyme activity, lipids and mitochondrial
bioenergetics that eventually manifest as degenerative diseases (Fairfield and Fletcher 2002;
Fletcher and Fairfield 2002). Functional deficiencies may also be referred to as subclinical
deficiency as the clinically recognised symptoms of overt vitamin deficiency are not evident.
Functional deficiencies are difficult to diagnose, as existing assays do not measure the
concentrations of vitamins at a tissue level. The development of methods to determine
functional vitamin status is of clinical importance because vitamin derived coenzymes are
required to maintain the integrity of DNA, proteins and lipids. If vitamin concentrations are
inadequate there is an increased risk of disease and an acceleration of the ageing process. The

links between deficiency and disease are discussed in more detail in section 1.3





1.1.1 The history of vitamins

Table 1.2 lists the significant discoveries for the 13 recognised vitamins. Throughout the early
1900s many vitamins were identified by depriving animals of particular foods, and observing
the symptoms that resulted. Hopkins first described vitamins as “accessory factors” in 1906
(Hopkins 1906). These compounds were required for normal growth over and above
carbohydrates, protein fats, minerals and water. Following from this was the suggestion that
diseases such as beri beri and pellagra, which could be treated by modifications to the diet,
were caused by nutritional deficiencies rather than microbes. In 1912 Funk developed the
vitamin hypothesis of deficiency, a theory that stated that in the absence of sufficient amounts

of a particular vitamin certain diseases may develop (Funk 1912).

The term vitamine (vital amine) was first used in 1912 when Funk isolated the antiberi beri
substance (thiamine) and found that it was an amine (Funk 1912). In 1920 it was proposed
that the final “e” be dropped after the discovery that vitamin C had no amine component
(Drummond 1920). The chemical names and traditional vitamin names are shown in Table
1.2. When vitamins were initially discovered their chemical structures were not elucidated, so
letters of the alphabet rather than proper systematic names were used. The B vitamins were
originally isolated in a water-soluble fraction from food, and when it was recognised that
there was more than one compound present, the B vitamins were given individual subscripts.
The first of the B vitamins to be individually recognised was thiamine, so it is vitamin B;.
Some compounds were originally isolated and thought to be vitamins i.e. vitamins By, Bg, By
and B, but further research revealed that they were not essential or could be synthesised de
novo. Vitamins with more diverse roles were given other letters that often related to their

function, for example, vitamin K is involved in “Koagulation”.





Table 1.2 Dates of significant discoveries of vitamins !

Vitamin Chemical name Discovery date
Vitamin A Retinol 1912-1914 Discovered, McCollum, E.V, Davis, M
1933 Chemical structure determined
1947 Synthesised
Vitamin B, Thiamine 1912 Discovered, Funk, C
1926 Isolated
1936 Structure determined, Williams
Vitamin B, Riboflavin 1926 Discovered, Smith, D.T, Hendrick, E.G
Synthesised, Tishler, M
Vitamin B; Niacin 1937 Discovered, Elvehjem, C
1937 Pellagra prevention
Vitamin Bs Panthothenic acid 1938 Isolated, Williams
1950 Coenzyme structure determined, Lipmann,
Kaplan
Vitamin Bg Pyridoxine 1934 Discovered, Gyorgy, P
1938-1939 Isolated and synthesised pyridoxine
1940 Coenzyme form identified
Vitamin By Folate or Folic acid 1933 Discovered, Wills, L
Vitamin B, Cobalamin 1930 Intrinsic factor
1948-1949 Isolated and structure determined
Vitamin C Ascorbic acid 1928 Isolated
1932 Recognised as scurvy cure
Vitamin D Calciferol 1922 Discovered, Mellanby, E
Vitamin E Tocopherols 1922 Discovered, Evans, H, Bishop, K
Vitamin H Biotin 1927 1™ recognised as required, Boas
1935 Isolated, Kogl
1942 Structure determined
Vitamin K Phylloquinone 1929 Discovered
1939 Isolation and structure determined

!(Rosenfeld 1997)





In 1939, Szent-Gyorgyi first acknowledged the differences between the minimum daily dose
of vitamins (required to prevent disease) and the optimal dose (dosis optima quotidiana)
(Szent-Gyorgyi 1939). This led to a change in thinking regarding vitamins, with the
realisation that they could be used to treat something besides classical deficiency diseases,
and that overt deficiency diseases were not the only consequences of vitamin deficiency. This
concept forms the basis of orthomolecular medicine, which recommends the use of molecules
normally present in human biochemistry to correct metabolic defects and achieve optimal

health (Pauling 1968).

In an attempt to ensure vitamin intake was adequate, the recommended dietary intakes' (RDI)
were developed during World War I1. The current US Food and Drug Administration dietary
standard daily values are based on the RDI from 1968 (Challem 1999). These intake levels are
adequate to avoid the overt and acute symptoms of classical deficiency diseases (as described
in Table 1.3) in 97.5% of healthy individuals. However, by definition, the RDI are not
sufficient for 2.5% of healthy people. Also RDI do not account for the roles of vitamins, aside
from preventing deficiency diseases, or the anatomical, physiological, biochemical and

genetic differences between individuals (Yates 1998).

Table 1.3 Symptoms of clinical vitamin deﬁciency1

Vitamin Symptoms

Thiamine Wet or dry beri beri (heart failure, neuropathy), Wernicke-Korsakoff syndrome.
Vitamin B, Megaloblastic anaemia

Biotin Skin rash, hair loss

Folic acid Megaloblastic anaemia, oral lesions, neural tube defects in early fetal development
Vitamin B¢ Skin disorders, anemia

Niacin Pellagra (skin lesions)

Riobflavin Oral lesions

! (Bates 1999)

! RDI = Estimated average requirement (EAR) + 2 standard deviations of the EAR. EAR is the level required for meet the
demands for a vitamin in 50% of a population and is determined experimentally.
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1.2 CAUSES OF VITAMIN DEFICIENCY

Vitamin deficiencies occur if intake does not meet demand. Individuals will have different
requirements for vitamins as a result of genetic variation, lifestyle choice or environment. For
example, vitamins including folate, vitamin Bg, vitamin B;,, and biotin that are necessary for
rapid cell division, growth, and development are required in increased amounts during
pregnancy and breast-feeding (Ramakrishnan, Manjrekar et al. 1999; Refsum 2001).
Whenever the body is under stress there will be an increased requirement for vitamins
because of the cellular and molecular functions of vitamins. Increased demand must be met by
raised dietary intake or deficiency will occur. The very young or elderly are susceptible to

vitamin deficiencies because of poor food choices, limited diet, and malabsorption .

Genetic polymorphisms can alter the amount of vitamin required. The demand for folate is
increased in people with the autosomal recessive mutation of the gene for the
5,10-methylenetetrahydrofolate reductase enzyme (C677T). This thermolabile form of the
enzyme has lower activity and reduced stability in vitro. This mutation is present in about
12% of the population (Bailey and Gregory 1999). A mutation to the vitamin B;, transport
protein, transcobalamin II (G776C) changes tissue vitamin B, delivery and functional
vitamin Bj, status (Miller, Ramos et al. 2002). Individuals homozygous for the G776C
mutation have reduced vitamin B;; available to the cells (in the form of transcobalamin II)
without any significant difference to total vitamin B, concentrations (von Castel-Dunwoody,

Kauwell et al. 2005).

Dietary vitamin intake may be insufficient because of poor food choice, and restricted diets
(as a result of lifestyle choice, sickness, or food intolerance). The elderly and those in low
socioeconomic groups will often have insufficient vitamin intake because of poor food
choices, influenced more by cost than nutritional value. Those consuming a restricted diet,
such as vegetarians or vegans, without proper management will be at an increased risk of
developing vitamin Bj, deficiency as the vitamin is synthesised by bacteria usually only
present in animal products (Dwyer 1991). Eating disorders such as anorexia nervosa and
bulimia nervosa result in poor nutrition, and are associated with vitamin deficiencies (Rock
and Currancelentano 1994). Lifestyle choices including heavy drinking and smoking can also
cause vitamin deficiency as they are appetite suppressants, and lead to unwise food choices
(Halsted 2004). Thiamine deficiency is particularly common in alcoholics as ethanol

decreases thiamine absorption.





The interactions between prescription drugs and nutrients may also cause vitamin deficiencies
because drugs can suppress appetite, ruin the sense of taste, or decrease nutrient absorption.
Antibiotics can decrease absorption, and drugs such as digoxin (a congestive heart disease
treatment) and theopylline (an asthma drug) can cause anorexia and nausea (Whitehead and
Finucane 1997). Furosemide, a heart failure therapy, is known to induce thiamine deficiency
(Hardig, Daae et al. 2000). When taken in large doses, non-steroidal anti-inflammatory drugs
such as aspirin and ibuprofen will interfere with folate metabolism. These interactions are of
particular concern for elderly or ill people because the drug interactions may exacerbate

already low vitamin status.

Additionally, the elderly are particularly at risk of vitamin deficiencies, as the ageing process
may decrease nutrient absorption from foods. Howard er al. found that dietary intake of
vitamin B, was normal in most elderly (Howard, Azen et al. 1998), however malabsorption
of protein-bound vitamin B, results in deficiency in 10-15% of people aged over 60 (Baik
and Russell 1999). Approximately 60% of vitamin B, deficiency in the elderly results from a
lack of intrinsic factor because of pernicious anemia (Andres, Loukili ez al. 2004). Deficiency
of this type can be treated by injections of vitamin B,,, which bypasses intestinal absorption.
Vitamin By, deficiency can lead to the “trapping” of folate in an unusable form, because of
the relationship between the two vitamins. In this way vitamin B, deficiency can effectively

create a folate deficiency (Scott 1999).

In developed countries vitamin deficiencies rarely progress to the classical diseases caused by
vitamin deficiencies, such as rickets (vitamin D deficiency), scurvy (vitamin C) or beri beri
(thiamine). However deficiencies do occur and various estimates suggest that up to 50% of
some elderly populations have a functional deficiency in one or more vitamins (Knight 1996).
Functional vitamin deficiencies have been associated with chronic diseases, long recovery

times and general ill health. The biological effects of deficiency are discussed in section 1.3





1.3 FUNCTIONAL VITAMIN DEFICIENCIES AND THE CONSEQUENCES

Rather than causing the classical and visible symptoms of vitamin deficiency (e.g. scurvy), a
functional vitamin deficiency causes low enzyme activity which, if left untreated, will cause
biological damage and eventually manifest as a chronic disease (Challem 1999). It is difficult
to determine if the vitamin deficiency causes the disease or if the deficiency is a consequence
of poor nutrition, which is accentuated by the disease. Regardless of the connection,
correction of low vitamin concentrations can help alleviate the symptoms of the disease or
improve general health so that the disease is less debilitating. The link between certain disease

states and functional vitamin deficiencies are outlined in the following sections.

Protein- energy malnutrition lengthens recovery times after surgery, increases the probability
of complications such as post-operative infection, delays wound healing, increases the length
of time spent in hospital, and increases mortality and morbidity rates (Gallagher-Allred, Voss
et al. 1996). Malnourished patients are identified by anthropometric methods such as body
mass index, and skinfold thickness, laboratory test profile, (including albumin concentration,
total protein levels and lymphocyte count and pre-albumin). Vitamin concentrations are rarely
measured unless a specific deficiency is suspected, but functional vitamin deficiencies do
occur during general protein-energy malnutrition. Vitamin deficiencies are closely associated
with malnutrition so it is difficult to determine which if any of these complications described

above are directly attributable to vitamin deficiencies.

1.3.1 Vitamins and the risk of cardiovascular disease

Functional deficiencies of folate, vitamin B¢ and vitamin Bj, may increase the risk of
cardiovascular disease, because these vitamins are inversely associated with the concentration
of total homocysteine (Pietrzik and Bronstrup 1998). Homocysteine is a non protein amino
acid and its raised concentration is an independent risk factor for cardiovascular disease
(Boushey, Beresford et al. 1995; Welch and Loscalzo 1998; Wald, Law and Morris 2002).
This is possibly because high total homocysteine concentrations cause damage to the vascular
endothelium and can enhance platelet aggregation (Mattson, Kruman and Duan 2002). The
relationship between folate, vitamin Bj,, vitamin Bs and homocysteine is shown in Figure
1.1. As shown, methionine is converted to homocysteine via S-adenosylmethionine, the major
methyl donor in most biochemical reactions in DNA methylation. The remethylation of

homocysteine (I) to methionine (II) is catalysed by the vitamin Bj, (X) dependent methionine
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synthase (1) and requires the folate (Y)-derived 5-methyltetrahydrofolate (III). During
homocysteine catabolism, homocysteine is condensed with serine to form cystathionine (IV),
by a vitamin B¢ (Z) dependent enzyme cystathionine -synthase (3). Blockages in either
remethylation pathway (as a result of vitamin deficiency) will cause an increase in total
homocysteine concentrations. Selhub et al. found a strong inverse association between the
concentrations of total homocysteine, plasma folate, vitamins B;,, and B after controlling for
age, sex and concentrations of other vitamins in 1160 patients aged 67-96 (Selhub, Jacques et
al. 1993). In these patients, 67% of raised total homocysteine concentrations were attributed
to low plasma concentrations of the vitamins. In 60 patients with coronary artery disease, Lee
et al. found that those with total homocysteine concentration in the upper quartile had a serum
folate concentration that was significantly lower than those with total homocysteine
concentrations in the lower quartile (homocysteine >13.9 uM, folate 8.6 ngmL™" and total
homocysteine <8 pM, folate 17.6 ngmL™") (Lee, Lin et al. 2003). Meta-analysis of prospective
and population —based case control studies have found that homocysteine concentration is a
moderate independent predictor of disease risk (Boushey, Beresford er al. 1995; Clarke,
Collins et al. 2002; Ford, Smith et al. 2002). This also suggests that functional folate

deficiency can influence the risk of the disease developing.

S-adenosyl
methionine

Methionine (1)

Tetrahydrofolate

N,N-di-

methylglycine
Methylene
S-adenosyl 2 -Tetrahydrofolate
h tei Betaine
omocysteine - Methyl
~ -Tetrahydrofolat
Homocysteine (I (T1T)
B, (2)
\ Cystathionine (IV)\ Folic Acid (Y

Figure 1.1 Homocysteine metabolism
1. Methionine synthase 2. Methylenetetrahydrofolate reductase 3. Cystathionine-b-synthase
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Folate, vitamins Bj, and vitamin B¢ supplementation have been shown to lower total
homocysteine concentrations (Woodside, Yarnell et al. 1998; Quinlivan, McPartlin et al.
2002; Venn, Green et al. 2003). Lee et al. found that an increase in serum folate concentration
of 1 ugL™ decreased total homocysteine by 0.166 uM (Lee, Lin ez al. 2003) and vitamin By,
supplementation will cause an additional reduction (Brachet, Chanson et al. 2004). The
introduction of folic acid fortification in the United States in 1996 had a significant affect on
the folate status of participants of the Framingham offspring study. Prior to the fortification,
folate concentrations below 3 ngml™ were present in 22% of the population; this decreased to
1.7% after fortification. Prevalence of raised total homocysteine concentrations (>13 uM) in
the same population diminished from 18.7% to 9.8%. Quinlivan et al. found that
supplementation with 400 pg of folate decreased total homocysteine by 1 uM and that when
folate concentrations are adequate there is a stronger relationship between total homocysteine
and vitamin By, (Quinlivan, McPartlin et al. 2002). Other groups have found a less dramatic
decrease in total homocysteine concentrations with supplementation (Ashfield-Watt, Moat et
al. 2002), but this could be attributable to poor compliance to the study protocol. A reduction
in total homocysteine could reduce the risk of ischemic heart disease, deep-vein thrombosis
and stroke. A 3 uM decrease in total homocysteine reduces the risk of these diseases by at
least 16% (Wald, Law and Morris 2002). Although this relationship has been confirmed by
many studies (Casas, Bautista et al. 2005; Rasouli, Nasir et al. 2005), more recent studies
including the NORVIT study, the HOPE study, and the VISP study have shown that folate
supplementation did not affect the rate of subsequent cardiovascular events in subjects
recruited after an event, despite a substantial reduction in total homocysteine (Spence, Bang et

al. 2005; Bonaa, Njolstad et al. 2006; Lonn, Held et al. 2006).
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1.3.2 Vitamins concentrations and cancer risk

Inadequate concentrations of folate are implicated in the development of several cancers.
Folate is involved in DNA and RNA synthesis and methylation, so adequate concentrations
are necessary during rapid cell division, DNA repair and gene expression (Lehninger 1982).
Folate also has a critical role as a donor and acceptor of one-carbon units in most cell types.
The dietary supply of methyl groups is insufficient to meet the biological demands of the
array of biochemical reactions that require it, so the additional methyl groups are generated by
the de nmovo methyl synthesis from the one-carbon pool. Folate deficiency reduces DNA
methylation, enhances gene transcription and DNA strand breakage, which can lead to
malignant transformations. Many studies have found low folate concentrations associated
with cervical, colorectal, lung, esophagal, brain, pancreatic and breast cancers (Michels 2005).
High alcohol intake and low folate are associated with increased incidence of colorectal
cancer (Su and Arab 2001; Giovannucci 2002) and breast cancer (Zhang, Willett ez al. 2003).
Adequate dietary folate concentrations are thought to lower the risk of many cancers, thus a
diet high in vegetables (a good source of folate) may be beneficial (Stampfer and Willett
1993). Kato et al. showed that serum folate concentration in the upper quartile gave a 50%
decrease in the risk of colorectal cancer compared to folate concentrations in the lower
quartile (Kato, Dnistrian et al. 1999). Women who consumed the most folate and methionine
had diminished risk of colon cancer associated with family history (Fuchs, Willett et al.
2002). Use of folate supplements is associated with a lower risk of breast cancer in women
with high alcohol intake (Zhang, Hunter et al. 1999). Conversely there is also some evidence,
mainly from animal studies, that folate supplementation may increase cancer risk especially if

supplementation occurs during progression of the disease (Kim 2004).

Thiamine deficiency occurs frequently in patients with advanced cancer (Comin-Anduix,
Boren et al. 2001). This is unlikely to be causal but rather a result of the increased demand for
thiamine because of the rapid cell division that occurs during the growth of the cancer cells.
High thiamine (25 times the RDI) supplementation increases tumour proliferation but very
high thiamine supplementation (2500 times the RDI) caused a 10% inhibition of tumour

growth for mice in vivo (Comin-Anduix, Boren et al. 2001).
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1.3.3 Vitamin status and the connection with pregnancy complications

The link between inadequate folate status during pregnancy and neural tube defects was first
shown by Smithells et al. (Smithells, Sheppard and Schorah 1976). Folate is necessary for
embryogensis in the very early stages of pregnancy (Refsum 2001). Folate deficiency inhibits
proliferation of neural progenitor cells and can induce cell death in new neurons (Mattson,
Kruman and Duan 2002). Neural tube defects occur in about 1 in 1000 pregnancies in the
United States but several studies have found a dramatic decrease in the rates of neural tube
defects with folate supplementation (Botto, Moore ef al. 1999). Czeizel found that neural tube
defects and other congenital abnormalities were significantly lower when vitamin
supplementation including 800 pg of folate was given for one month prior and two months
after conception (Czeizel 1993). The decreased incidence of neural tube defects with
supplementation has lead to the fortification of cereals and breads with folic acid in many
countries in an attempt to raise the folate intake prior to and during pregnancy to 400 pg per
day. However, it is estimated that fortification only raises intake by 100 pg, which may not be
enough to avoid neural tube defects (Jacques, Selhub et al. 1999). Low folate concentrations
may also increase the risk of several other pregnancy complications, including heart defect,

limb malformations, premature delivery and low birth weight (Geisel 2003).

Wilson et al. observed that low vitamin Bj, and a polymorphism to the methionine synthase
reductase gene increased the odds ratio of having a child affected by neural tube defects by
nearly five times (Wilson, Platt ez al. 1999). Low vitamin B, and elevated total homocysteine
concentrations have also been associated with increased incidence of miscarriage, pre-
eclampsia and placental abruption (Refsum 2001). Total homocysteine in the upper quartile
increased the risk of pre-eclampsia, premature birth, and low birth weight (Vollset, Refsum et
al. 2000). Raised homocysteine concentrations could be a result of functional folate or
vitamin B, deficiency, so these conditions could be caused by the functional vitamin

deficiency.

Biotin is broken down more rapidly during pregnancy, and biotin concentrations decrease
(Mock and Stadler 1997; Mishra, Storer et al. 2005). Diagnosis of biotin deficiency and
appropriate treatment is important as it is teratogenic in other animals (Watanabe 1983;
Watanabe 1993; Mock, Mock ef al. 2003) and probably teratogenic in humans (Zempleni and

Mock 2000). Biotin status during pregnancy is discussed in greater detail in chapter six.

13





1.3.4 The influence of vitamins status on neurological disorders

The role of folate in the developing nervous system suggests that it will also influence the
adult nervous system (Mattson, Kruman and Duan 2002). Maxwell et al. found that subjects
in the lowest folate quartile were more likely to suffer from an adverse cerebrovascular event,
dementia, or Alzheimer’s disease compared to those with folate concentrations in the highest
quartile (Maxwell, Hogan and Ebly 2002). Seshadri et al. found that patients in the
Framingham cohort with raised total homocysteine had a higher future risk of Alzheimer’s

disease development (Seshadri, Beiser et al. 2002).

Elevated homocysteine concentrations have also been implicated in the neurological
degeneration in elderly populations. Raised concentrations of homocysteine, in association
with low folate, vitamin Bg, and vitamin Bj, concentrations are a risk factor for poor
cognition, depression, schizophrenia, dementia, Alzheimer’s disease, and Parkinson’s disease

(Gonzalez-Gross, Marcos and Pietrzik 2001; Salerno-Kennedy and Cashman 2005).

Functional By, deficiency is associated with depression, particularly in the elderly. Tiemeier
et al. found that elderly subjects with vitamin B, deficiency were 70% more likely to have
depressive disorders than elderly with normal vitamin B;, concentrations (Tiemeier, van Tuijl
et al. 2002). Cognitive impairment is also associated with vitamin B, deficiency. There is a
high prevalence of low vitamin Bj, in patients with Alzheimer’s disease, and early
supplementation may improve the associated dementia (van Asselt, Pasman et al. 2001). It is
speculated that the lack of improvement in dementia symptoms with vitamin By
supplementation seen in most studies is because vitamin B;, deficiency may be undetected for
some time and when it is detected the symptoms are irreversible (Baik and Russell 1999). The
exact relationship between cognitive impairments and vitamin Bj, deficiency is unknown
however it is mostly likely related to methyl donation and S-adenosylmethionine metabolism

(van Asselt, Pasman et al. 2001).

Thiamine deficiency can result in Wernicke-Korsakoff syndrome, a form of dementia.
Lowered plasma and red blood cell thiamine concentrations have been found in patients with
Alzheimer’s disease related dementia (Gold, Chen and Johnson 1995). Decreased activity of
thiamine-dependent enzymes has been demonstrated in Alzheimer’s disease patients (Bender
1999), although it probably results from impaired synthesis of thiamine pyrophosphate rather
than a thiamine deficiency (Heroux, Rao et al. 1996; Butterworth 2003). Low thiamine in
cerebrospinal fluid could be a risk factor for Parkinson’s disease (Jimenez-Jimenez, Molina et
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al. 1999), but it is unknown if thiamine deficiency causes the progression of Parkinson’s, and

Alzheimer’s diseases, or is a result of the disease.

1.3.5 Vitamins and the risk of hip fracture

Deficiency of folate, vitamin B, and B¢ increase the risk of hip fractures. Recent studies have
demonstrated that raised total homocysteine concentrations are an independent risk factor for
hip fracture in the elderly (McLean, Jacques et al. 2004; van Meurs, Dhonukshe-Rutten ef al.
2004; van Meurs and Uitterlinden 2005). Vitamin B, and folate deficiency have been
associated with decreased bone mineral density, which would increase the fracture risk
(Cashman 2005; Tucker, Hannan et al. 2005). These relationships are discussed in more detail

in chapter seven.

Early detection and treatment of functional vitamin deficiencies can decrease the prevalence
and severity of some diseases. Section 1.4 discusses the diagnosis of vitamin deficiencies
using laboratory measures of vitamin concentrations in blood (serum, plasma, and red blood
cells) and urine to complement clinical observations, physiological measurements and
assessments of nutrient intakes. Individually each of these measures has disadvantages.
Symptoms can have several causes, dietary intake may be insufficient for several vitamins
and individual requirements can vary as a result of genetics, life style or disease. Assays that
determine the vitamin status at a tissue level are the most useful diagnostic tool, however

these are not currently available for all of the vitamins.
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1.4 DETEMINING VITAMIN STATUS

Estimates of the prevalence of vitamin deficiencies vary. This is a reflection of the different
populations studied, the many different assay systems and the concentration used to
distinguish between deficient and normal, and the absence of a “gold standard” test for most

vitamins.

Measuring the total concentration of vitamin present and comparing it to a reference range is
the most obvious method to determine if a patient is vitamin replete. The reference range of a
biochemical test is defined by measuring the concentrations in a large normal healthy
population and then calculating the values that are two standard deviations either side of the
mean concentration (Buncher and Weiner 1989). This approach works if the results from the
population have a Gaussian distribution, however in many cases the population may have
skewed or bimodal distributions. These nonparametric distributions can be transformed so
that they have a Gaussian distribution and then the same approach used, otherwise
nonparametric statistical tests are used to analyse the data to determine the normal range

(Kahn and Jandreski 1996).

Results that fall outside the reference range imply that there is not enough vitamin present for
normal function, whereas results within the range imply that vitamin supply is adequate. The
normal range, by definition, excludes the highest and lowest 2.5% of concentrations measured
in normal healthy people. So 5% of a population has adequate vitamin status but their
measured concentrations fall outside the normal range. Furthermore, because water-soluble
vitamins are converted to coenzymes once absorbed, measuring the total circulating vitamin
concentration may not reflect the vitamin concentration at a tissue level. Reference ranges are
set for normal healthy people but, if the demand for a vitamin is increased, a total vitamin
concentration within the normal range may not be sufficient to meet the body’s requirements.
In some cases, the utility of the test can be improved by having several reference ranges
dependent on other criteria such as age, sex, or pregnancy, but this still does not capture all
deficient patients. Better testing methods would account for individual variation, and indicate

functional vitamin status.
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The vitamin concentrations in plasma, serum, red blood cells, and urine can be measured.
These samples are easily accessible, but the concentrations may not accurately reflect the
availability in the appropriate compartment of the body, i.e. the liver or the brain, where the
vitamin is used. Biological concentrations of vitamins are typically in the nM — pM range.
The reference ranges used by Canterbury Health Laboratories are shown in Table 1.4. Serum
or plasma vitamin concentrations are influenced by recent dietary intake, so if concentrations
are measured soon after a vitamin rich meal, circulating concentrations will be elevated. The
concentrations of some vitamins (folate and thiamine) in red blood cells are typically higher
and less sensitive to recent dietary intake. Red blood cell concentrations reflect body stores
more accurately and give a better indication of the individual’s sufficiency (Bates 1997).
Tissue concentrations give the best reflection of stored vitamin concentrations but the sample
is more difficult to obtain than blood or urine. The concentrations of water soluble vitamin
excreted in urine become low if the vitamin is restricted. Urinary concentrations are of limited
value as vitamin deficiencies are usually well advanced before urine concentrations are
decreased and it is difficult to distinguish between deficient and low normal concentrations.
An increased urinary concentration is a good indictor of excess vitamin intake. Urine assays

require 24 hr collection, or correction for creatinine concentrations, to account for dilution.

Table 1.4 Reference ranges for vitamin assays

Vitamin Analyte Method Reference range '
Vitamin Bj,  Serum B, Competitive immunoassay 120-450 pM
Folate Serum folate Competitive immunoassay 8.5-50 nM
Red blood cell folate Competitive immunoassay 445 - 1210 nM
Thiamine Erthrocyte thiamine HPLC with fluorescence detection >140 nM
pyrophosphate
Biotin Biotin and metabolites Binding assay N/D
Vitamin Bg Whole blood pyridoxal —5- HPLC with fluorescence detection 35-107 nM
phosphate

Riboflavin Whole blood flavin adenine HPLC with fluorescence detection 155-380 nM

dinucleotide

N/D normal range is not defined. ' Reference range determined by Canterbury Health Laboratories, Normal
range study 1998.
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Depending on the dietary source, there are different forms of vitamins that are converted to
the active coenzyme in the body. Most biological tests measure only one form of the vitamin,
or total vitamin concentrations are determined by converting all forms of the vitamin into a
single measurable form prior to measuring it. This can result in the loss of important
information, particularly regarding metabolic abnormalities, which may increase the
concentration of one form of the vitamin but reduce the others (Bates 1997). An example of
this occurs with the 5-methyltetrahydrofolate reductase polymorphism, homozygotes will
have formyltetrahydrofolate polyglutamates as well as the 5-methyltetrahydrofolate
polyglutamates normally formed, by converting all folates present to formyltetrahydrofolate

the change in amount of 5-methyltetrahydrofolate go undetected (Bailey and Gregory 1999).

The most useful diagnostic tool would be one that determined if the available vitamin was
sufficient for optimal biological function. This would take into account the change in vitamin
requirements as a result of age, pregnancy, genetic polymorphisms, increased demand, and
poor adsorption. These tests would also overcome the problem with different forms of the
vitamin being present by only assessing those that were active in the body. It is possible, in
some cases, to measure the coenzyme form of the vitamin. However the vitamin may have
several coenzyme forms with different biological roles. Vitamin B;, has two coenzyme forms,
deoxycobalamin and methylcobalamin that fulfil different functions. Polymorphisms of the
enzymes may increase the demand for a particular coenzyme, so a value within the normal
range may not be sufficient. Another approach is to measure the activity of the vitamin
dependent enzyme to ensure it is functioning at an optimal rate. The activity of the enzyme
will often not decrease with the initial reduction in vitamin concentrations (Bayoumi and
Rosalki 1976) or enzyme activity may decrease as a result of polymorphisms or ageing
regardless of coenzyme availability. Rather than directly measuring the enzyme function or
the amount of coenzyme available, the function of the pathway that uses the vitamin derived
coenzyme can be assessed by quantifying either the products or substrates of the vitamin
dependent enzyme, or alternatively measuring the byproducts that are produced in greater

amounts when the vitamin is deficient.
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In Figure 1.2, a water-soluble vitamin (X), is required as a coenzyme (X’) for the enzyme (1)
to form the apoenzyme (1°), a functional deficiency of the vitamin will cause sub-optimal
function of the enzyme, disrupting the biological pathway. This causes the substrate (I) to
accumulate, and the concentration of the product (II) to decrease. Alternatively the excess
substrate may be metabolised by another pathway to form a byproduct (III). Changes in the
concentrations of the byproduct (III) or substrate (I) and products (II) are potentially markers

of functional vitamin status.

Vitamin (X)== Coenzyme (X°)

N/

Substrate (I)—@% Product (II)

|

Byproduct/Marker (III)

Figure 1.2 A schematic vitamin dependent pathway
1. vitamin dependent enzyme 1’ Apoenzyme

The concentrations of metabolites (I, II, III) will reflect the tissue availability of the vitamin.
The metabolites’ concentration relates to the status of the physiological process and
biochemical pathways that require vitamins and more accurately reflect if the amount of
vitamin available is enough for optimal enzyme function for the individual. These tests are
sensitive to functional vitamin deficiency and as a result often detect vitamin deficiency in
patients that appear normal by other diagnostic methods. The testing methods that are used for
vitamins and comparisons of the prevalence of deficiency are described in the following

sections.
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1.4.1 Determining thiamine status

The thiamine consumed in the diet is converted to thiamine pyrophosphate, thiamine
monophosphate, and thiamine triphosphate. Thiamine pyrophosphate is required as a
coenzyme for transketolase, pyruvate decarboxylase, pyruvate dehydrogenase, and
o-ketoglutarate dehydrogenase. Thiamine triphosphate is not a coenzyme, but is concentrated

in the nerve and muscle cells of animals and is thought to activate membrane ion channels

(Bender 1999).

Thiamine species can be measured in serum, plasma, isolated red cells or whole blood (Bates
1997). About 80% of all thiamine species are in the erythrocytes and 95% of thiamine species
in whole blood are in the form of thiamine pyrophosphate, so most assays quantify thiamine
pyrophosphate in erythrocytes (Tallaksen, Bohmer et al. 1991). The most common method for
the determination of thiamine concentrations is HPLC separation with fluorescent detection.
The thiamine species are first converted to the highly fluorescent thiochrome derivatives by
reaction with ferricyanide. Early methods only had sufficient sensitivity to measure thiamine
pyrophosphate concentrations (Warnock, Prudhomme and Wagner 1978) or measured total
thiamine concentrations by breaking the phosphate bonds enzymatically (Kimura, Fujita and
Itokawa 1982). Measuring thiamine pyrophosphate concentrations in red blood cells is useful
to determine the body stores of thiamine, because the concentrations decrease at a rate similar
to the stores of major organs (Lynch, Trimble and Young 1997). However, only measuring
thiamine pyrophosphate concentrations does not allow researchers to investigate thiamine
metabolism in normal and pathophysiological conditions. Tallaksen ef al. developed an HPLC
method that measures the concentration of thiamine and its phosphate esters in blood and
serum (Tallaksen, Bohmer et al. 1991). After conversion to the ferricyanide esters, a gradient
HPLC system is used to separate thiamine and the three phosphate esters within 15 min. In
thirty healthy adults the mean thiamine concentration was 185.2 nM in whole blood and the
mean thiamine pyrophosphate concentration in erythrocytes was 325 nM. Concentrations of

thiamine pyrophosphate in serum were below the limits of detection for the assay.
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The activation of vitamin dependent enzymes in erythrocytes by the addition of the coenzyme
has been used to determine the status of thiamine, vitamin B, and B¢ (Bayoumi and Rosalki
1976). These assays are indirect measures of vitamin status, and do not indicate the functional
vitamin level. The erythrocyte transketolase activation assay is still commonly used to
determine thiamine status, and of the available tests for thiamine status has the best defined
normal range (Bates 1997). The transketolase assay was first developed by Smeets et al.
(Smeets, Muller and De Wael 1971), but as there are problems associated with sample storage
(Puxty, Haskew et al. 1985), high background absorbance, and standardisation (Lynch and
Young 2000), several groups have attempted to improve this assay (Vo-Khactu, Clayburg and
Sandstead 1974; Bayoumi and Rosalki 1976; Williams 1976; Doolman, Dinbar and Sela
1995). The assay measures the availability of thiamine pyrophosphate for the cells by
measuring the enzyme activity with and without additional thiamine pyrophosphate. The
greater the thiamine pyrophosphate effect (the change in activity of the enzyme), the less
thiamine pyrophosphate was initially available and so the worse the thiamine status of the
person. The activity of transketolase is measured by following the change in absorbance at
340 nm as NADH (I) is oxidised to NAD" (II) (Figure 1.3). The assay system requires the
presence of triose-phosphate isomerase (5) and glycerol-3-phosphate dehydrogenase (6) to
catalyse the required reactions and NADH (I) and ribose 5-phosphate (III) are added to act as

a substrate.

Ribose-5-phosphate (IIT) | Thiamine Sedoheptulose—7—phosphatel

Ribulose-5-phosphate

Xylulose-5-phosphate '?Glyceraldehyde%-phosphate

Thiamine Fructose-6-phosphate

Erythrose-4-phosphate

‘ Glyceraldehyde-3-phosphate

Dihydroxyacetone-phosphate o y Glycerol-1-phosphate

Figure 1.3 Thiamine dependent transketolase pathway

Shaded box indicates reaction that occurs for transketolase assay

1 phosphopentose isomerase, 2 phosphopentose epimerase, 3 transketolase, 4 transaldolase, 5 triosephosphate
isomerase, 6 glycerophosphate dehydrogenase.
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The transketolase activity assay is not ideal because the thiamine pyrophosphate effect may be
altered by factors other than thiamine deficiency, including a loss of apoenzyme with
prolonged deficiency, altered binding of apoenzyme, and reduced synthesis of apoenzyme in
patients with diabetes and liver diseases (Talwar, Davidson et al. 2000). The activity must

also be corrected for haemoglobin to allow for dilution or concentration of the sample.

Results from the measurement of thiamine pyrophosphate concentrations and the
transketolase assays correlate well. Measuring thiamine pyrophosphate is a more sensitive
indicator of thiamine deficiency and has advantages, including longer sample storage and
greater precision (Talwar, Davidson et al. 2000). Decreased transketolase activity may be
more representative of ageing and decreased enzyme function than thiamine deficiency.
Nichols et al. used the transketolase assay to measure thiamine status in 60 elderly Canadian
subjects (>64 years), and found that almost half of this population had thiamine deficiency
despite having adequate thiamin intake (Nichols and Basu 1994). Using a thiamine
pyrophosphate assay, Wilkinson ef al. found that 45% of an elderly New Zealand population
had concentrations below the fifth percentile of a control population of young people and that
concentrations in the elderly decreased by 20% over three years (Wilkinson, Hanger et al.

2000).

Urine thiamine concentrations can also be used to determine thiamine status. However, it is
relatively insensitive and does not distinguish samples at the lower end of the normal range
from deficient ones (Bates 1997). Urine concentrations will rise when tissues are saturated

with thiamine, so this assay can easily identify thiamine replete patients.

An alternative approach to the measurement of thiamine and its phosphate esters using

capillary electrophoresis (CE) is discussed in chapter five.
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1.4.2 Measuring biotin concentrations in biological samples

Four mammalian carboxylases require biocytin the biotin derived coenzyme. The coenzyme is
bound to the enzyme as a prosthetic group via a lysyl e~amino group (Garrett and Grisham
1999). Several metabolites of biotin have been identified in mammals, and may account for
up to 68% of total biotin in urine (Zempleni, McCormick and Mock 1997). These metabolites
are formed by sulfur or - oxidation of biotin (Figure 1.4), and do not function as coenzymes

(Livaniou, Costopoulou et al. 2000).
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Figure 1.4 Biotin and Biotin metabolites
1.4a Biotin, 1.4b Bisnorbiotin, 1.4c Tetranorbiotin, 1.4d Biotin sulfone, 1.4e Biotin sulfoxide

Clinical biotin deficiencies in humans are rare, but may occur as a result of long term
parenteral nutrition without appropriate supplementation, prolonged therapy with
anticonvulsants (Mock and Dyken 1997) and in patients with biotinidase deficiency
(Livaniou, Costopoulou et al. 2000). Functional biotin deficiency is tetratogenic in rats
(Watanabe 1983; Watanabe 1993; Mock, Mock et al. 2003) and occurs in human pregnancies
where the consequences are unknown (Mock, Stadler ef al. 1997; Mock 1999; Mock, Quirk
and Mock 2002). Biotin deficiency caused by excessive consumption of raw eggs
(Sydenstricker, Singal et al. 1942) is a result of the binding of available biotin to the egg

white protein, avidin, which prevents intestinal absorption (Zempleni and Mock 1999).
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Early methods for determining biotin concentrations in biological samples used
microbiological assays. These involved comparing the growth of a microorganism
supplemented with either pure biotin or the sample with unknown biotin content (Livaniou,
Costopoulou et al. 2000). These assays were time consuming and subjective. Binding assays
based on the high affinity of avidin or streptavidin for biotin are more common (Mock 1997)
and are rapid and convenient to perform. However binding assays tend to overestimate free
biotin and underestimate total biotin because the inactive biotin metabolites also bind to
avidin. To overcome this Mock et al., used an HPLC method to separate biotin and its
metabolites, followed by the application of an avidin-binding assay to accurately quantify
available biotin (Mock 1997). Whilst this assay avoids the quantification of the biotin

metabolites, it is time consuming as it combines a binding assay and separation by HPLC.

An alternative method uses the protein streptavidin which is similar to avidin and has high
binding affinity for biotin but may not bind as many biotin metabolites as avidin (Mock,
Nyalala and Raguseo 2001). Despite this there is still a discrepancy between the biotin level
determined in the biotin fraction after HPLC separation, and that measured by the
streptavidin-binding assay (Mock, Nyalala and Raguseo 2001). Mock et al. speculated that the
presence of rare earth elements in urine interfered with europium labeled streptavidin in the
time resolved fluoroimmunoassay. An alternatively configured streptavidin-binding assay
using a biotin-bovine serum albumin conjugate and a tetramethylbenzidine fluorescence

detection system is described in chapter six (Mishra, Storer et al. 2005).
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Tests for markers of functional biotin deficiency have also been developed. The use of
3-hydroxyisovaleric acid concentrations as a marker of functional deficiency of biotin at the
tissue level has been well validated (Mock 1999). The reduced activity of the biotin dependent
enzyme methylcrotonyl CoA carboxylase (1) as a result of biotin (X) deficiency results in an

increased urinary excretion of 3-hydroxyisovaleric acid (I) (Figure 1.5).
Biotin (X)

Biocytin (X”)
‘ B-Methylcrotonyl-CoA w B-Methylglutaconyl-CoA

3-Hydroxyisovaleric acid (I)
3-Methylcrotonyl glycine

Figure 1.5 B-Methylcrotonyl-CoA carboxylase biotin dependent pathway
1 B-Methylcrotonyl-CoA carboxylase

Mock et al. developed a GC-MS assay to measure the urinary excretion of
3-hydroxyisovaleric acid (Mock, Jackson et al. 1989) this assay quantifies the
di-trimethylsilyl derivatives and uses a deuterated 3-hydroxyisovaleric acid internal standard.
The urinary excretion of 3-hydroxyisovaleric acid increased during controlled conditions
designed to cause progressive biotin deficiency (Mock, Malik et al. 1997).
3-Hydroxyisovaleric acid is a more sensitive indicator of functional biotin status than
measuring biotin excretion. In studies of pregnant women the excretion of
3-hydroxyisovaleric acid was raised before changes to biotin excretion were observed (Mock
and Stadler 1997). Urinary 3-hydroxyisovaleric acid was abnormally increased in 26 out of 29
women in early pregnancy and 21 of 26 women in late pregnancy (Mock and Stadler 1997;
Mock, Stadler et al. 1997). Mock et al. have shown that this increase is not caused by changes
to renal handling of organic acids potentially caused by pregnancy. Supplementation with
biotin (300 pg daily for 14 days) was sufficient to decrease 3-hydroxyisovaleric acid
excretion and increase biotin excretion in both early and late pregnancy (Mock, Henrich et al.

2002).
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The GC-MS assay can also be used to quantify 3-hydroxypropionic acid, isovalerylgycine and
3-methylcrotonylglycine. These compounds are produced by other biotin dependent pathways
during biotin deficiency but, unlike 3-hydroxyisovaleric acid, their excretion is not reliably

increased during functional biotin deficiency (Mock, Henrich-Shell et al. 2004).

Urinary excretion of biotin and 3-hydroxyisovaleric acid depend on renal function. Plasma
and erthyrocyte concentrations of biotin do not relate well to biotin status (Mock, Malik et al.
1997). The activity of lymphocyte propionyl-CoA carboxylase has been used as an indicator
of biotin status and is not affected by renal function. The enzyme is biotin dependent and is
found in liver, lymphocytes and other tissues. In humans with induced biotin deficiency,
Mock et al. found that lymphocyte propionyl-CoA carboxylase activity was an early and
sensitive indicator of functional biotin deficiency, which decreased with dietary depletion of
biotin and increased with supplementation (Mock and Mock 2002). Despite the early

enthusiasm for this assay, it has not been widely used in clinical studies.

1.4.3 Measuring folate concentrations in biological samples

Folate exists in the diet as folic acid in the form of monoglutamates, and polyglutamates of
various chain lengths that are converted to monoglutamates in the intestine. This creates
difficulties for the quantification of folate as there are many variations in glutamate chain
length and interconversions can occur before the sample is analysed. For accurate
measurement, the polyglutamates must be enzymatically hydrolysed to release the

monoglutamates (Shane, Tamura and Stokstad 1980).

In the body, folate is reduced to the active coenzyme, tetrahydrofolate, which is a major
carrier of methyl groups. It exists in five different forms with different one-carbon groups
bound as shown in Figure 1.6. The most abundant form is 5,10-methylenetetrahydrofolate.
The different forms of folate can be separated by HPLC but most methods measure the total
concentration of all the folate species present. Microbiological assays have been used to
determine folate concentrations in serum, blood, tissue and food. Competitive protein binding
immunoassays are most often used, as they are precise and rapid, and require less specialised
equipment (Sauberlich 1984). By converting all of the folate present into a single measurable
form, information about the ratios of the different folate species will be lost. Serum
concentrations are more susceptible to dietary fluctuations, so methods to determine folate in

red blood cells have also been developed. Red blood cell folate concentrations are generally
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40-100 times greater than serum folate concentrations but measurements can be unreliable
because of problems with preparation and measurement of the red blood cell lysates. Red
blood cell folate concentration can be calculated by measuring whole blood folate, blood

haematocrit and serum or plasma folate (Bates 1997).
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Figure 1.6 Folate species and the 1-carbon groups transferred
1.6a Folic acid, 1.6b Tetrahydrofolate, 1.6¢ 5,10-Methylenetetrahydrofolate, 1.6d Methyl, 1.6e Methenyl,
1.6f Formyl, 1.6g Formimino

Increased concentrations of total homocysteine have been used as a marker of functional
folate status. Homocysteine is a sulfur containing amino acid, about 80% of homocysteine in
the blood is bound by a disulfide bond to albumin but unbound homocysteine species
including the disulfide dimer and free homocysteine are also present. These forms are
measured by a simple, rapid and inexpensive immunoassay and this is referred to as total
homocysteine. Three homocysteinylated proteins have been identified in human plasma
(Jacobsen, Catanescu et al. 2005), it has been suggested that the toxicity of homocysteine is
because the homocysteinylation prevents protein function (Perna, Ingrosso et al. 2003). This
form of binding is irreversible so the amounts present are not measured by the assay for total

homocysteine.
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Logistically the collection and transport of samples for homocysteine analysis are not ideal
Total homocysteine must be measured on fasting blood samples as it will be variably
increased by eating. Also, to avoid changes to total homocysteine caused by continued
metabolism and excretion into the plasma, blood samples must be kept on ice and separated
within four hours of collection. Total homocysteine has been shown to increase by as much as
10% per hour over the first few hours after sample collection (Andersson, Isaksson and

Hultberg 1992).

The total homocysteine concentration is not an ideal marker of functional folate deficiency as
total homocysteine concentrations are also increased by deficiencies of vitamin B, and Bg. In
addition to total homocysteine measurements, total vitamin assays and other markers are
useful to determine which vitamin is deficient. For example high total homocysteine, lower
folate with normal methylmalonic acid suggests a functional folate deficiency, but high total
homocysteine, normal folate, lower vitamin B, and high methylmalonic acid would indicate
a functional vitamin B, deficiency (Lindenbaum, Savage ef al. 1990; Savage, Lindenbaum et
al. 1994). Total homocysteine is elevated in populations with confirmed folate deficiency.
Low serum vitamin concentrations, morphologic abnormalities or response to vitamin therapy
can be used to determine folate status, but each of these conditions can occur in isolation and
may not accurately indicate a deficiency. Savage et al investigated 123 patients with
confirmed folate deficiency and found that 91% had elevated total homocysteine, and only 15
(12.2%) had elevated methylmalonic acid (Savage, Lindenbaum et al. 1994). However, 14 of
these had renal dysfunction which had previously been found to moderately increase
methylmalonic acid concentrations (Herrmann, Schorr et al. 2001). Total homocysteine is
useful to determine if a low normal folate concentration is sufficient for optimal biological
function. In many elderly people, total homocysteine concentrations are elevated, indicating a
vitamin deficiency even though the serum vitamin concentration is within the reference range.
Herrmann ef al. used total homocysteine, methylmalonic acid, and cystathionine
concentrations to determine vitamin status in senior (65-75 years) and high-aged (85-102
years) subjects (Herrmann, Schorr et al. 2000). The detected prevalence of a deficiency of one
or more vitamin was 30% for seniors and 51% for high-aged subjects, as determined by serum
vitamin concentrations, but was 55% and 90% respectively when total homocysteine and

methylmalonic acid concentrations were measured.
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Total homocysteine concentrations are influenced by renal clearance, patients with renal
disease have elevated total homocysteine without decreased serum folate or vitamin B,
concentrations (Herrmann, Schorr ef al. 2001). Measuring creatinine concentrations to assess
renal function can help to determine if raised total homocysteine concentration is a result of

vitamin deficiency or poor renal function.

1.4.4 Determining vitamin B, concentrations

In humans, vitamin B, is bound to at least three different proteins. Dietary vitamin By, is
bound to salivary haptocorrin, until this protein-vitamin B, complex is degraded in the
intestine. The vitamin B, is transferred to intrinsic factor, and then it is finally made available
to cells upon binding to transcobalamin to form holotranscobalamin (Bor, Nexo and Hvas
2004). The vitamin B, bound to haptocorrin is not directly available to the cells but is the
major form of circulating vitamin Bj,. The formation of holotranscobalamin is required for
the transport of vitamin B, from the intestine into most cells. Holotranscobalamin makes up
about a third of circulating vitamin B, although large amounts of the protein are present in

the unsaturated form, apotranscobalamin.

Serum vitamin B, concentrations are measured by microbiological assays or competitive
protein-binding assays. The most common method for measuring serum vitamin By,
concentrations uses purified intrinsic factor which specifically binds vitamin B;, (Bates
1997). Total vitamin Bj, concentration is measured by degrading all the protein- vitamin
complexes including the inactive haptocorrin-vitamin By, to release the vitamin Bi,. This will
indicate if vitamin B, intake is adequate but does not determine if the vitamin B, is present
in a form that can be absorbed effectively and made available for use in the cells. As a result,
several studies have found that many patients with normal serum vitamin B, concentrations
are in fact deficient. Magnus found that patients who had vitamin B, treatment for pernicious
anemia withheld until they showed signs of relapse still had normal serum vitamin B,
concentrations (Magnus 1986). This was supported by the finding of Lindenbaum et al. who
found that hematological relapse was not uncommon even if vitamin B, concentrations were

above normal (Lindenbaum, Savage et al. 1990).
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Many elderly people have a deficiency of intrinsic factor, caused by pernicious anemia, which
prevents adequate vitamin B, absorption and can result in deficiency (Baik and Russell
1999). To determine if a patient can absorb vitamin B,, the Schilling test can be used (Snow
1999). In stage I of this test, the patient is given an oral dose of radioactive vitamin By,
followed by a nonradioactive flushing dose. The amount of radiolabeled vitamin B, excreted
over 24 hours is measured. In stage II of the test, intrinsic factor is given with the labeled
vitamin Bj,. An abnormal stage I followed by a normal stage II is characteristic for pernicious
anemia. If both stages are abnormal then alternative causes of vitamin B, deficiency are
considered, including ileal disease, or renal insufficiency. The Schilling test is not used
extensively as false negatives occur when a patient can absorb enough crystalline vitamin B,

during the test but is unable to release food bound vitamin B5.

To determine the amount of B;, available to the cells, Nexo ef al. have developed an ELISA
assay to measure holotranscobalamin in serum (Nexo, Christensen et al. 2000; Nexo,
Christensen et al. 2002). Serum concentrations of holotranscobalamin reflect the vitamin B,
accessible for the cells of the body, as only transcobalamin mediates vitamin Bj, uptake. A
change to the concentration of holotranscobalamin is a sensitive indicator of a change in
vitamin B, status during supplementation studies (Nexo, Hvas et al. 2002). In a population of
elderly people (aged 69-90 years) 16% had low holotranscobalamin and raised methylmalonic
acid, indicative of vitamin B, deficiency (Herrmann, Obeid et al. 2005). Holotranscobalamin
measurements will indicate disruptions to vitamin Bj, related metabolism before other tests.
Chen et al. measured vitamin Bj,, methylmalonic acid, and holotranscobalamin in normal
patients, untreated pernicious anemia patients and treated pernicious anemia patients (Chen,
Remacha et al. 2005). The holotranscobalamin concentrations of the treated pernicious
anemia patients were significantly lower than normal even though the serum vitamin B,

concentrations were similar.

Concentrations of cystathionine, total homocysteine and methylmalonic acid can be used as
indicators of functional vitamin B;,. Of the three measurements methylmalonic acid is most
useful for the diagnosis of vitamin Bj, deficiency. Methylmalonic acid is measured by a
GC-MS method developed by Stabler et al. (Stabler, Marcell ef al. 1986). Total homocysteine
concentrations will be increased by deficiencies of folate and vitamin B¢ and increased
concentrations of cystathionine are also seen during deficiencies of vitamin B¢ (Joosten,
Vandenberg et al. 1993; Stabler, Lindenbaum et al. 1993). Methylmalonic acid is increased

during vitamin Bj, deficiency as 5’-deoxyadenosylcobablmin, a coenzyme derived from
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vitamin Bj, (X), is required to convert L-methylmalonyl-CoA (I) to succinyl-CoA (II) by
L-methylmalonyl-CoA mutase (2) (Figure 1.7). If vitamin Bj, is insufficient then the
concentrations of methylmalonyl-CoA (I) increase and the D-isomer is hydrolysed to
methylmalonic acid (III). As is the case with total homocysteine, renal disease can also
increase methylmalonic acid concentrations. The increase in methylmalonic acid
concentration is inversely correlated to glomerular filtration rate so the extent of the increase
in methylmalonic acid concentration will depend on the severity of the renal disease
(Rasmussen, Vyberg et al. 1990). Measurement of creatinine levels or glomerular filtration

rate can help distinguish between vitamin B, deficiency and renal disease.

Valine, Isoleucine

Odd chain fatty acids
Biotin Blz (X)
Propionyl-CoA ‘—@* Methylmalonyl-CoA (I)‘—@ Succinyl-CoA (11)‘

itric Acid Cycle

‘ Methylmalonic Acid (III)‘

Figure 1.7 Vitamin B;,; dependent pathway
1. Propionyl-CoA carboxylase, 2. L-Methylmalonyl CoA mutase, 3. D-Methylmalonyl CoA hydrolase

Depending on the diagnostic criteria, the prevalence of vitamin B, deficiency in the elderly is
between 3% and 40%. This large variation occurs because of the lack of accurate methods to
determine functional vitamin Bj, status. Studies that measure serum vitamin Bi,
concentrations report a much lower prevalence of vitamin deficiency than those that use
markers such as methylmalonic acid and total homocysteine. Patients with normal serum
vitamin concentrations may have clinical and hematological signs of vitamin deficiency, and
elevated concentrations of total homocysteine, methylmalonic acid, cystathionine, and
methylcitric acid (Lindenbaum, Savage et al. 1990; Savage, Lindenbaum et al. 1994)

suggesting functional deficiency.
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Serum concentrations of methylmalonic acid and total homocysteine are elevated in most
vitamin By, deficient patients (Gompertz, Jones and Knowles 1967; Chanarin, England et al.
1973; Stabler, Marcell et al. 1986). Savage et al. measured methylmalonic acid and total
homocysteine in 406 patients with vitamin B, deficiency, previously confirmed by low serum
vitamin concentrations (<200 pg), hematological signs, neurological symptoms or response to
therapy (Savage, Lindenbaum ef al. 1994). In this group, 98.4% had elevated methylmalonic
acid concentrations, 95.9% had elevated total homocysteine concentrations and 94.5% had
both metabolites raised. Changes in methylmalonic acid concentration can also be used to
diagnose vitamin B, deficiency in patients with low normal serum vitamin B, concentrations
and no neurological findings. Pennypacker et al. found a similar prevalence of elevated
methylmalonic acid and/or total homocysteine concentrations (> 3 SD above the mean for
normals) in patients with low vitamin B;; and low normal vitamin B, concentrations
(Pennypacker, Allen et al. 1992). This suggests that serum vitamin Bj, levels are an
insensitive measure of functional vitamin B, deficiency, as disruptions to metabolism occur

before the lowered concentrations are detected.

Raising the cut off value used to define deficiency for serum vitamin B, tests would improve
the detection of vitamin deficiency but would decrease the specificity leading to false positive
results. Individuals with adequate (but low) vitamin concentrations would be reported as
deficient. One solution to this problem is to use both vitamin B, and methylmalonic acid to
diagnose vitamin Bj, deficiency. In the Framingham study cohort, 40.5% of the population
had vitamin Bj, concentrations below 258 pM but only 12% had raised methylmalonic acid
concentrations and low vitamin Bj, concentrations. This suggests that for 28% of those with
vitamin B, less than 258 pM this concentration was sufficient for normal enzyme function.
The combination of assays detected a greater prevalence of vitamin B;, deficiency than
measuring vitamin B, with a cut off of 148 pM as only 5.3% had concentrations below this
cut off (Lindenbaum, Rosenberg et al. 1994). Joosten et al. provided further evidence that the
cut off for vitamin B, deficiency is often set too low, when they found that 6% of healthy
elderly had vitamin B, concentrations below 103 pM but 30% had elevated methylmalonic
acid concentrations (Joosten, Vandenberg et al. 1993). A low cut off concentration for the
vitamin By, assay delays diagnosis of a deficiency and a high cut off is insensitive to low
normal concentrations. As there is a link between neurodegeneration and vitamin Bi;
insufficiency, early diagnosis of vitamin B;, deficiency is important and early treatment can

prevent disease progression.
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1.4.5 Correcting vitamin deficiencies

The fortification of foods with some vitamins is mandatory in the USA and Britain (e.g.
fortified ready-to-eat breakfast cereals). Fortification of flour with folate was initiated to
prevent neural tube defects during pregnancy and along with the addition of vitamin B, has
improved the vitamin status of the population. The need to measure vitamin status could be
questioned, as it may seem more economically viable to simply supplement a common food
stuff to increase vitamin concentrations. However, a diet containing fortified foods may still
not adequately meet the needs of some groups of the population, and in order to determine the

vitamin status of these groups robust testing systems are required.

Supplementation also raises some issues with suggestions that folate fortification may mask
vitamin By, deficiency. Furthermore given the recent negative findings regarding the
protective affects of vitamin supplementation after cardiovascular events there has been
discussion of the negative affects of this therapy (Bonaa, Njolstad et al. 20006).
Supplementation with folic acid and vitamin Bg has been shown to increase the risk of in-stent
restenosis patients (Lange, Suryapranata et al. 2004) and high doses of vitamin Bs may have
other detrimental affects given its role in numerous biological processes (Driskell 1994).
These arguments highlight the need for accurate methods for determining the functional

concentrations of these vitamins.
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1.5 AIMS OF THIS WORK

This thesis discusses work towards the development of practical laboratory methods for
assessing vitamin status, particularly the development of tests for markers of functional
vitamin status. These assays were designed for use as routine clinical tests, which have more
exacting requirements than assays developed for research purposes. The assays developed
here needed to be economical, with minimal preparation time and the ability to handle a high
volume of samples. This major focus of this work has been the measurement of betaine,
particularly glycine betaine, and its related compound N, N-dimethylglycine, as potential
indicators of folate status, rather than a broad approach to the various metabolites that may be
appropriate markers of functional deficiency of other vitamins. This focus has arisen because
of the previous research of the group concerning betaine, homocysteine and the links to folate
and vitamin B, metabolism (de Zwart, Slow er al. 2003; Slow, Lever et al. 2004; Slow,
Donaggio et al. 2005).

Chapter two discusses the use of aracyl triflate reagents for the derivatisation of betaines and
related compounds in biological systems. The existing derivatising reagents had UV and
fluorescent properties that gave only limited sensitivity. Alternative aracyl groups are
investigated and novel reagents synthesised, to improve the sensitivity of the betaine assays.
Chapters three, four and five describe separation techniques for several betaines, including
glycine betaine and a related compound, N, N-dimethylglycine. HPLC, 'H NMR spectroscopy
and CE were all used to separate betaines in biological samples. The development of an

HPLC assay to measure propionyl carnitine in urine is described in chapter six.

Chapter seven describes a clinical study to investigate the nutritional status of elderly hip
fracture patients. This study was designed to determine the functional vitamin status of the hip
fracture population. By using assays for total vitamin concentrations as well as markers of
vitamin status the prevalence detected by the different assays can be compared. This study
also serves to determine the usefulness of the N, N-dimethylglycine/glycine betaine ratio as a

marker of functional folate status.
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2 PREPARATION AND USE OF ARACYL TRIFLATE REAGENTS FOR THE
DERIVATISATION OF BETAINES

2.1 INTRODUCTION

The majority of this project is concerned with quantifying the betaines, glycine betaine,
N,N-dimethylglycine and propionylcarnitine in biological samples as markers of functional
vitamin status (see chapters three, four, five, and six). Betaines are highly water-soluble and
occur at low concentrations biologically, so determining the amount present in biological
systems is difficult. Betaines have commonly been quantified by derivatisation of the
carboxylic acid functional group with a reagent bearing a suitable chromophore or
fluorophore, followed by HPLC analysis of the product, using UV or fluorescence detection.
Reagents that have been used for this purpose include 2-(4-hydrazinocarbonylphenyl)-4,5-
diphenylimidaxole (Kuroda, Ohyama et al. 1997), 2-(2,3-naphthalimino)ethyl triflate
(Minkler, Brass et al. 1995), 1-aminoanthracene (Longo, Bruno et al. 1996), and diazo
compounds such as 9-anthryldiazomethane (Yoshida, Aetake et al. 1988; Kiessig and Vogt
1997). Unfortunately, many of the reagents commonly used to derivatise carboxylic acids
react poorly with the carboxyl group of betaines, which can lead to limited sensitivity and

poor analytical precision.

An ideal derivatising reagent would be one that reacted rapidly and quantitatively with
betaines, and possessed UV absorbance or fluorescence properties at a wavelength distinct
from that of common HPLC buffers and mobile phases. Reagents that meet these criteria are
not commercially available, so it would be beneficial if it could be synthesised in a small
number of steps from commercially available starting materials. While a lack of reactivity
towards other species likely to be present would also be advantageous, it would not be

essential, providing the derivatives formed did not interfere with the HPLC analysis.
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A reagent that almost fulfils these requirements is 2-(4'-bromophenyl)-2-oxoethyl
trifluoromethanesulfonate (4-bromophenacyl triflate), which was developed by Ingalls et al.
for the derivatisation of carboxylic acids (Ingalls, Minkler et al. 1984). The 4-bromophenacyl
triflate reagent is stable, easily prepared in two steps from commercially available
4-bromobenzoyl chloride, and is capable of reacting rapidly and quantitatively with betaines.
Unfortunately neither the reagent or its derivatives fluoresce, and the absorption maxima of its
derivatives in the UV, while relatively high (¢ = 14000), are found at a relatively short
wavelength (A = 260 nm). Hayman developed 2-naphthacyl and 2-fluorenacyl triflate which
have more favourable absorbance properties (Hayman 1992), but neither formed derivatives
that were strongly fluorescent. Therefore the synthesis of alternative reagents is desirable. The
ideal reagent should have superior optical characteristics (absorption at longer wavelengths
and/or a higher extinction coefficient), or contain a good fluorophore (as fluorescence

detection typically improves sensitivity).

The 4-bromophenacyl reagent was originally used to derivatise carnitine and its acyl esters
(Minkler, Ingalls and Hoppel 1990) and it has since been used for the quantification of other
betaines (Ingalls, Minkler et al. 1984; Minkler, Ingalls et al. 1984; Minkler, Ingalls and
Hoppel 1987; Minkler, Ingalls and Hoppel 1990; Lever, Bason et al. 1992; Mar, Ridky et al.
1995; Vernez, Thormann and Krahenbuhl 2000). The strong alkylating ability of the triflate
reagents is well suited for the O-alkylation of betaines in the presence of base. Ingalls et al.
found that triflate reagents would also derivatise tertiary amines if these were used as a base.
It was necessary to use the sterically hindered base N,N-diisopropylethylamine to prevent
formation of a derivative by N-alkylation (Ingalls, Minkler et al. 1984). The N-alkylation of
tertiary amines was confirmed when these reagents were used to quantify trimethylamine in
seal plasma (Eisert, Oftedal et al. 2005). In biological samples, both carboxylate and amino
groups are present (often on the same molecule), so the potential exists for derivatives formed
by N-alkylation to interfere with the separations. N,N-Dimethylglycine is involved with
glycine betaine in the remethylation of homocysteine and has both amine and carboxyl
functionalities. The di-alkylated derivative is formed when N,N-dimethylglycine was reacted

with the 2-naphthacyl triflate (Lever, George et al. 2005).
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Wittmann and Ziegler have shown that once formed the aracyl-betaine esters are rapidly
hydrolysed even in mildly basic conditions (Wittmann and Ziegler 1988). This is consistent
with the derivatisation of the carboxyl functionality of betaines by the aracyl triflate reagents
being a steady state reaction. Obviously the degradation of the derivatives prior to
quantification is undesirable, and leads to imprecision. To limit degradation, it is important to
either completely remove, or neutralise all of the base once the derivatisation reaction has
reached maximum yield. The most precise assays will be ones where derivative formation
approaches 100% so that small changes to conditions will have little effect on the yield of
derivative. The derivatives that are formed by the N-alkylation of amines by the aracyl triflate
reagents are not hydrolysable. This makes the derivatisation more robust and less affected by

water content, but derivatisation yield is still dependent on the base and solvent used.

2-Naphthacyl triflate has been used to quantify betaines and related compounds in
mammalian plasma, urine, and cells (Lever, Sizeland et al. 1994; Randall, Lever et al. 1996;
Dellow, Lever et al. 1999; McEntyre, Lever and Storer 2004; Slow, Lever et al. 2004; Slow,
Miller et al. 2004; Eisert, Oftedal et al. 2005), bacterial cells (Randall, Lever et al. 1995;
Peddie, Wong-She et al. 1998), and a range of foods (de Zwart, Slow et al. 2003; Slow,
Donaggio et al. 2005). The synthesis of novel derivatising reagents and their spectroscopic
properties are discussed in this chapter. The reagents with properties favourable for detection
of the analytes were used to derivatise glycine betaine, and the properties of the derivative are
also presented. Finally, the range of compounds derivatised by these reagents and the
conditions that control the reactions are discussed. In addition to the carboxylate group of the
betaines, tertiary amines, and amine oxides, the aracyl triflate reagents were also found to
react with thioethers and phosphates. To ensure consistent derivatisation of these compounds
and enable some control over which functional groups are derivatised, the affects of changing
parameters such as solvent, base, and water content have been investigated. By altering these
conditions, the derivatisation reaction can be tailored to increase the yield of derivatives of an
individual compound, or group of compounds with the same or different functional groups.
The new reagents described in this chapter are used in the work discussed in chapters three,

five and six.
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2.2 PREPARATION OF DERIVATISING REAGENTS

In the search for suitable chromophores and fluorophores, potential starting materials were
limited to those that contained an acetyl functional group, and which were commercially
available. Fluorophores normally also absorb strongly in the UV, so the selection was oriented
towards these. The most successful starting materials were all based on fused carbocyclic ring

systems.

The compounds in Table 2.1 were commercially available and were found to have spectral

properties that were desirable in derivatising reagents.

Table 2.1 Spectroscopic properties of the starting materials

Starting Material® Wavelength (nm) Extinction Agx (nm)  Ag, (nm) Relative
coefficient fluorescence
2-acetonaphthone 246.9 39600 - - b
6-methoxy-2-acetonaphthone 240.8 33700 267 407 35
2-acetylphenanthrene 266.4 29400 271 409 103
2-phenoxyacetophenone 270.4 15000 - - b
2-acetylbenzonitrile 247.2 20800 222 295 34

10 uM in propan-2-ol, ® none detected

The major limiting factor for any potential starting material is that it must survive the
conditions required to prepare and use the triflate reagent. Such a constraint particularly

affects fluorophores, as some of the most useful and widely used are chemically labile.
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From the starting materials above, the acyl triflates in Figure 2.1 were prepared and evaluated

as derivatising reagents.
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Figure 2.1 Structures of aracyl triflate derivatising reagents.
2.1 2-naphthacyl triflate; 2.2 6-methoxynaphthacyl triflate, 2.3 2-phenanthrenacyl triflate, 2.4 4-cyanophenacyl
triflate, 2.5 4-phenoxyphenacyl triflate.

There are a number of synthetic routes to a-ketotriflates available. The one that appears the
simplest and most logical, the reaction of an aracyl halide with silver triflate, fails. Less
convenient, but effective, alternatives that have been used include the acylation of
o-hydroxyketones by triflic anhydride (Creary and Rollin 1977; Vedejs, Engler and Mullins
1977), and the oxidation of silyl enol ethers using hypervalent iodine compounds (Moriarty,
Epa et al. 1989). For simplicity and the availability of suitable precursors the treatment of
diazoketones with triflic acid in liquid sulfur dioxide (Vedejs, Engler and Mullins 1977), is
the optimal choice. Although this method gave acceptable results, dichloromethane at low

temperatures gave equal or superior yields and was more convenient.

Scheme 2.1 shows two approaches that have been used to make the diazoketones that were
converted to the a-ketotriflate. Method B (Hayman 1992) has been used previously and is
best suited to making small amounts of material. Larger quantities require the preparation and
use of diazomethane on a large scale, which is potentially hazardous because of its
carcinogenicity, and instability. Method A, in spite of the additional steps involved, is more

convenient and better suited to larger scale preparations.
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Scheme 2.1 Triflate reagent synthesis
i (Regitz and Menz 1968), ii (Erickson, Dechary and Kesling 1951), iii (Vedejs, Engler and Mullins 1977)

Method A is based on the Regitz diazo transfer reaction (Regitz and Menz 1968) and utilises a
methyl ketone rather than the acid chloride in method B. The ketonic methyl is subjected to a
crossed Claisen condensation with methyl formate to give the sodium salt of the
B-ketoaldehyde, which is subsequently reacted with p-toluenesulfonyl azide to give the
diazoketone. While this method is not itself entirely hazard-free (it involves the preparation
and use of p-toluenesulfonyl azide), it is the one of choice when larger amounts of material
are needed. It has the added advantage that the sodium salt of the aldehyde is indefinitely
stable and p-toluenesulfonyl azide, unlike diazomethane, can be stored in a freezer until

required.

Method A was used to prepare all the aracyl triflate reagents in this thesis. 4-Cyanophenacyl
triflate (2.4) and 4-phenoxyphenacyl triflate (2.5) decomposed during attempts to purify them.
2-Naphthacyl triflate (2.1) had previously been prepared by method B, but was synthesised by
method A for comparison. Two of the reagents prepared, 6-methoxynaphthacyl (2.2), and

2-phenanthenacyl triflates (2.3) appeared promising and were investigated further.

In subsequent work carried out in this laboratory method A was also used to synthesise
2-anthracenacyl and 3-phenanthrenacyl triflates. The 3-phenanthrenacyl derivatives were
5-10-fold less fluorescent than the corresponding 2-phenanthrenacyl derivatives. The
2-anthracenacyl reagent was prepared from 2-acetylanthracene, with a yield of only 13%. Its
derivatives were found to be 1.5-5 times more fluorescent than the other derivatives studied
(absorbance maximum 269 nm; fluorescence emission maxima 478 nm in acetonitrile and 499
nm in propan-2-ol) with similar sensitivity in both acetonitrile and propan-2-ol. However, this
reagent was largely decomposed after storage at room temperature for three months and was

not pursued further.
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2.3 SPECTROSCOPIC PROPERTIES OF THE REAGENTS AND DERIVATIVES

The experimentally determined spectroscopic properties of the reagents are shown in Table
2.2. The 2-phenanthrenacyl and 6-methoxynapthacyl triflates had absorption maxima at
wavelengths close to that of 2-naphthacyl triflate. The most promising reagent was 2-
phenanthreneacyl triflate, as it had a maximum absorbance at 267 nm, and an extinction

coefficient 1.4 times greater than that of 2-naphthacyl triflate.

Table 2.2 Spectroscopic properties of the reagent in propan-2-ol

Triflate® Wavelength (nm) Extinction Agx (nm)  Ag, (nm) Relative fluorescence
coefficient
2-naphthacyl 249 35400 252 418 100
6-methoxynaphthacyl 241 26900 247 431 1400
2-phenanthrenacyl 267 49000 266 437 1666
4-phenoxyphenacyl triflate 271 13200 210 300 1375
4-cyanophenacyl triflate 248 11700 - - b
2-(2,3-naphthalimo)ethyl 259 54700 259 386 3250

10 uM in 75% v/v propan-2-ol-water ° None detected

2-(2,3-Naphthalimo)ethyl triflate (Figure 2.2) is commercially available and has been used for
the derivatisation of carboxylic acids (Yasaka, Tanaka et al. 1990). The spectral properties of
this reagent are superior to those of the other triflates (Table 2.2).

% ?
O
O

Figure 2.2 2-(2,3-Naphthalimino) ethyl triflate

However, the derivatisation of betaines using this reagent gave low yields under the reaction
conditions used for the other triflates. This reagent lacks an a-carbonyl so has lower
electrophilicity and would be less reactive with the betaines than the other triflate reagents.
Despite the reagent being highly fluorescent, when separated by HPLC the derivative peaks
are much smaller than anticipated. The peak area of the UV peak is only 2% that of the
2-naphthacyl triflate, and the fluorescence peak, which would be expected to be much larger,
is only 87% of the size of that formed by the 2-naphthacyl derivative. Attempts to synthesis
the 1,8 analogue as an alternative reagent, by method A (Scheme 2.1) failed, and given the
disappointing results with the commercially available 2-(2,3-naphthalimo)ethyl triflate this

synthesis was not pursued.
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2-Naphthacyl triflate, 6-methoxynapthacyl and 2-phenanthrenacyl triflate all successfully
derivatised glycine betaine. The derivatisation method was based on that of Minkler et al.
(Minkler, Ingalls et al. 1984), but modified and improved by Lever et al. who adopted a
simplified method of sample preparation (Lever, Bason et al. 1992). In this method
magnesium hydroxide (formed by the aqueous suspension of magnesium oxide), was used as
the base instead of an amine, and separation of the derivatives was achieved by HPLC on
silica columns. The spectroscopic data obtained for the derivatives are summarised in Table
2.3. The glycine betaine derivatives had virtually identical absorption maxima to those of the

parent reagents.

Table 2.3 Spectroscopic properties of the derivatives in propan-2-ol

Derivative Wavelength (nm) Peak area®  Ag, (nm) Agm (nm) Relative fluorescence”
2-naphthacyl 249 100 252 431 100
6-methoxynaphthacyl 241 60 245 451 212
2-phenanthrenacyl 266 97 267 463 178

* Area of derivative peak following HPLC separation relative to 2-naphthacyl triflate derivative = 100 in 75%
propan-2-ol. Arbitrary units relating to peak height on fluorescence spectrophotometer (2-naphthacyl triflate =
100 in 75% propan-2-ol).

The extinction coefficients of the derivatives were not determined, but the UV peak areas,
measured by the HPLC photodiode array detector, are related to these. In spite of the
2-phenanthrenacyl reagent having an extinction coefficient 1.4 times that of the naphthacyl
reagent, the peak area of the glycine betaine-phenanthrenacyl derivatives is smaller. However,
the slightly longer wavelength should improve sensitivity, as a result of lower background
absorbance from the buffer components. The derivatives formed by the reaction with
6-methoxynaphthacyl triflate had a smaller peak area than both those of the 2-naphthacyl and
2-phenanthrenacyl, and detection at 241 nm is subject to a considerable interference from

buffer components.

50





The sensitivity of the assay could be increased considerably if fluorescence detection was
used. Unfortunately, the ketone functionality of the —COCH,Otf side-chain diminishes the
fluorescence intensity of the aromatic system to which it is attached and decreases the Stokes
shift'. The 2-naphthacyl, 6-methoxynapthacyl and 2-phenanthrenacyl triflate reagents all have
a considerable Stokes shift, which is desirable for a derivatising reagent to be used with
fluorescence detection (Lakowicz 1999). The bandwidth of fluorescent detectors in most
HPLC instruments is about 10-15 nm, and a larger Stokes shift will lead to decreased

background interference due to scattered light, and hence an improved signal-to-noise ratio.

The fluorescence properties of the derivatives are similar to those of the derivatising reagents.
However in solution, differences in solvation of the derivatives and the reagents can affect the
positions of the fluorescence maxima. The excitation maxima of the glycine betaine derivative

are close to that of the reagents, whereas the emission maxima shifted to a longer wavelength.

As expected from the reagent's properties, the glycine betaine derivatives of
6-methoxynaphthacyl triflate and 2-phenanthrenacyl triflate were more fluorescent than the
2-napthacyl derivative. However, the increase in fluorescence with the 2-phenanthrenacyl and
6-methoxynaphthacyl reagents was less than predicted. Solvent effects on fluorescence are an
important consideration when developing HPLC analysis systems. When an acetonitrile based
mobile phase is used, 2-naphthacyl triflate is unsuitable as a reagent for fluorescence-based
detection as the derivatives have only weak fluorescence (Dellow, Lever et al. 1999). In
propan-2-ol, however, the naphthacyl derivatives are quantifiable by fluorescence. The

properties of the reagent and derivatives in acetonitrile are shown in Table 2.4.

Table 2.4 Fluorescence properties of reagents and derivatives in acetonitrile

Reagent Properties of reagent” Properties of glycine betaine derivative®
Aex Aem Intensity®  Aq Aem Peak Area
2-naphthacyl triflate - - ¢ 250 413 1.7
6-methoxynaphthacyl triflate 245 431 75 245 431 15
2-phenanthrenacyl triflate 260 433 100 260 433 100

“10 uM in 90% v/v acetonitrile-water. ” The aqueous standard of glycine betaine was derivatised in acetonitrile
using the appropriate triflate. The final concentration after derivatisation was 14 uM. “ Relative fluorescence
(arbitrary units) at the excitation and emission maxima. “ Relative peak area compared to peak area of derivative
of phenanthrenacyl triflate after HPLC separation. © None detected. All samples were analysed at room
temperature.

! Stokes shift is the separation of the excitation and emission wavelengths Lakowicz, J., R. (1999). Principles of
Fluorescence Spectroscopy. New York, Kluwer Academic/ Plenum Publishers.
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In acetonitrile, the 2-phenanthrenacyl derivative was almost 50 times more fluorescent than
the naphthacyl derivative, whereas in propan-2-ol the increase was only two fold. However,
the 2-phenanthrenacyl derivative was twice as fluorescent in isopropyl alcohol as the same
derivative in acetonitrile. The positions of the reagents’ emission maxima and that of the
derivatives also changed with solvent. Tamaki has shown that the effect of protic solvents on
the fluorescence spectra of 2-acylanthracenes arises from a combination of non-specific
dipolar and specific hydrogen bond interactions (Tamaki 1980; Tamaki 1982). The decrease
in dielectric constant in moving from acetonitrile (38.8) to propan-2-ol (18.3) decreases the
Stoke’s shift and leads to a longer emission maximum wavelength which can be seen in
Figure 2.3. Hydrogen bond formation in propan-2-ol enhances this shift, but interaction is less
in acetonitrile. The UV absorbance of the derivatives is varied to a small extent by the

solvent.
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Figure 2.3 Fluorescence properties of the 2-phenanthrenacyl triflate reagent and its

glycine betaine derivative in different solvents
Reagent concentrations 10 uM in 90% v/v acetonitrile-water. 10 uM in 75% v/v propan-2-ol-water. Glycine
betaine derivative peak collected from HPLC so concentration unknown.
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Of the reagents studied, 2-phenanthrenacyl triflate shows the most promise as a derivatising
reagent for both UV and fluorescence detection of betaines in biological samples. The reagent
can be readily prepared from commercially available starting materials and has a
chromophore/fluorophore with a stronger extinction coefficient and greater fluorescence than
the 2-naphthacyl reagent. Use of this reagent has the potential to increase the signal to noise

ratio and improve sensitivity of the assay.
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2.4 SPECIFICITY OF THE DERIVATISATION REACTION

The triflate reagents alkylate the carboxylic acids, tertiary amines, thioethers, and phosphates
shown in Table 2.5, in the presence of base, to give measurable derivatives. The proposed

mechanism for the derivatisation of glycine betaine is shown in Scheme 2.2.
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Scheme 2.2 Derivatisation of glycine betaine by 2-naphthacyl triflate

Of the two reagents, 2-naphthacyl triflate was easier to prepare and consequently more readily
available, so it was used in any preliminary investigations into the potential applications of
triflate reagents. 2-Phenanthrenacyl triflate reacts in the same manner, although derivatives
will have slightly longer retention times compared to the naphthacyl derivatives when

separated by HPLC, though the selectivity is almost identical.
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Table 2.5 Structures of compounds derivatised and masses of 2-naphthacyl derivatives

Structure Name Mass of naphthacyl derivative (gmol™)
O Me
_ I Me
0 "Me Glycine betaine 286.6
O OH Me
. N-Me .
0 “Me Carnitine 3304
i/\"l\'de
0 S\Me Dimethylsulfoniopropionate 303.2
0]
0 X Trigonelline 306.3
L
I|\I+
Me
(0] +1\I/Ie
o SN Dimethylglycine 440.5
l\I/Ie
Me~ N\Me Trimethylamine 228.6
Me _
|+/ 0
Me Me Trimethylamine-N-oxide 228.6
Me~q Dimethylsulfide 231.3
Me
e
o N Sarcosine 426.4, 594

0
NH
T =NH Creatinine 2822

)
Me
o Me
— &
O’c,f\ o> NC ll\\/{/[: Phosphorylcholine 351.6
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2.4.1 Derivatisation of the carboxyl group of betaines

Mass spectrometry confirmed that the derivatives resulted from the reaction between the
naphthacyl moiety and the betaine carboxylic acid via carboxyl-O-alkylation (Figure 2.4). The
formation of the derivative occurs rapidly at room temperature in the presence of magnesium
hydroxide; the derivatisation of glycine betaine appeared complete in two minutes. Figure 2.4
shows the time points of the derivatisation reaction fitted to exponential rise to maximum

function, with fits r2>0.96, except the derivatisation of dimethylsulfide which does not fit the

curve.
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Figure 2.4 Variation of derivative yields with time.
All reactions carried out at room temperature.

2.4.2 Derivatisation of amines

The derivatisation reaction of trimethylamine is rapid, and at room temperature there was no
improvement in yield of derivative after 2 minutes reaction time. In contrast, derivatisation of
trimethylamine-N-oxide is much slower. The yield of derivative was still increasing after 60
minutes (Figure 2.4). The derivatives formed by reaction of the triflate reagents with
trimethylamine-N-oxide and trimethylamine both have the same HPLC retention time and
mass value (228.6 gmol™). The mass value is that expected for the N-alkylation of
trimethylamine. It is likely that the trimethylamine-N-oxide is initially alkylated on oxygen
and the product subsequently undergoes N-O bond cleavage to give trimethylamine, which is

then alkylated.
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2.4.3 Derivatisation of NV,N-dimethylglycine

A standard solution of N, N-dimethylglycine was derivatised and separated by HPLC, the peak
was collected for mass spectrometry analysis. The peak has a mass of 440.5 gmol'l. This
value is that expected if both N and O-alkylation occurs. A mono-alkylated derivative of
N,N-dimethylglycine was synthesised by reacting N, N-dimethylglycine with a limited amount
of the naphthacyl triflate reagent by the method of Hayman (Hayman 1992). The mono-
derivative has a mass of 272 gmol™, and its retention time on an strong cation exchange
HPLC column is different from that of the derivative formed under the normal reaction
conditions (Figure 2.5). The di-alkylated derivative of N,N-dimethylglycine is slower to form
than the monoalkylated derivatives of either glycine betaine or trimethylamine and the yield is
only 50% after 2 minutes. Maximum derivatisation yields were obtained after 20 minutes at

room temperature (Figure 2.4).
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Figure 2.5 HPLC showing N,N-dimethylglycine mono derivative (bold),

N,N-dimethylglycine derivatisation mixture

A: Mono-N, N-dimethylglycine derivative, B. Di-N, N-dimethylglycine derivative. See experimental for HPLC
conditions. UV detection at 249 nm. Mobile phase 90% acetonitrile/water with 7 mM tetramethyl ammonium
hydroxide, 14 mM glycolic acid. Mobile phase was delivered at a flow rate of 1.0 mLmin™' Phenosphere (SCX
80A 5 uM, 250 mm x 4.6 mm) with a guard cartridge of the same packing. Column was maintained at 40°C
during analyses.

57





There is no evidence (by HPLC or mass spectrometry) for the formation of a
N,N-dimethylglycine-monoalkylated derivative during the timed reaction of the derivatisation
mixture. When standards containing very high concentrations of N,N-dimethylglycine
(10 mM) are derivatised, small amounts of the monoalkylated derivative are seen (Figure 2.5).
The peak height is less than 10% of that of the di-alkylated derivatives so if the
monoalkylated compound is formed during routine derivatisation, the concentrations are

presumably below the detectable limits of this assay.

2.4.4 Other derivatives

Mono-, di- and trialkylated derivatives of sarcosine are theoretically possible. Masses
corresponding to the tri- (594 gmol™) and di-alkylated derivatives (426 gmol™) were seen by
mass spectrometry and were separated by HPLC, with the latter being the minor product. The
reagents also derivatised dimethylsulfide and phosphorylcholine to give products with the
expected masses, which indicated that alkylation of the sulfide and phosphate functional
groups had occurred. To reach maximum yield at room temperature the reaction takes 20
minutes for the dimethylsulfide derivative, and more than 60 minutes for the
phosphorylcholine derivative. When determining the mass of the derivative the reaction was
only carried out for five minutes so derivatisation of dimethylsulfide and phosphorylcholine is
poor. This is confirmed by the mass spectrometry data, the intensity of the product peaks is
lower than for those of derivatives of other compounds. Whilst the derivatisation of the other
compounds fits an exponential curve, the derivatisation yield of dimethylsulfide reaches a
maximum and then decreases. This is consistent with the expected behaviour of sulfide
derivatives, which are more base sensitive than the other derivatives. If the reaction is stopped
by removal of the base the dimethylsulfide derivative is not destroyed, and a consistent yield

is maintained during analysis of samples.
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2.5 OPTIMISATION OF THE DERIVATISATION REACTION

The derivatisation of carboxyl, amine, sulfide and phosphoryl functional groups in biological
samples by the triflate reagents complicates the separations. An understanding of the affects
of changing the solvent, base, and water content used in the derivatisation reaction was
required to control which compounds were derivatised. The limits of detection for all analytes
can be improved if the derivatisation reaction is optimised for each functional group. The
following sections outline the optimisation of the derivatisation reaction by the systematic

alteration of individual reaction conditions

2.5.1 Choice of derivatisation solvent
For satisfactory derivatisation, both the hydrophilic betaines and the hydrophobic derivatising
reagent must be soluble in the solvent used. Acetonitrile, acetone, butanone,

1,2-dimethoxyethane and 2-methoxyethyl ether all fulfil this requirement.
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Figure 2.6 HPLC trace showing 2-naphthacyl derivative formed when acetonitrile used

as solvent.

A. Fluorescence detection Ex =250 nm, Em =413 nm, 1 Acetonitrile artefact, 2. Glycine betaine derivative, B.
UV detection 249 nm, 1 Acetonitrile artefact, 2. Glycine betaine derivative, C. PDA spectra, 1 Acetonitrile
artefact, 2. Glycine betaine derivative. Separation conditions see fig 2.5
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Previous workers (Minkler, Ingalls et al. 1984; Lever, Sizeland et al. 1994) have used
acetonitrile as a solvent for derivatisation. However, this solvent reacts with the triflate to give
an additional peak in the HPLC chromatogram (Figure 2.6A, B). This compound has a
slightly different UV spectrum (Figure 2.6C) and a much higher fluorescence yield than the
other derivatives (Figure 2.6A). Based on its molar mass (378 gmol™), the byproduct is
believed to be a derivatised oxazole formed by the cyclisation of a transient nitrilium ion. The
peak elutes early in the chromatogram and can interfere with the peaks of interest (e.g. those
that result from the derivatisation of acylcarnitines). To avoid the formation of this product,
other polar aprotic solvents were tested as derivatisation solvents. The relative peak areas of

the derivatives in the different solvents are shown in Table 2.6.

Table 2.6 Relative efficiencies of derivatisation in different solvents”

Solvent” Glycine Carnitine  N,N- Dimethylsulfide Trimethylamine
betaine dimethylglycine

Acetonitrile/5%water 100 100 100 100 100

Acetonitrile/10% water 90 95 34 100 104

Acetonitrile/15% water 78 91 2 89 104

Acetone/5% water 115 113 56 96 117

Acetone/10% water 105 106 33 90 113

Acetone/15% water 96 107 1 64 80

Acetone/5% water/5% 145 195 106 131 136

Methanol

Acetone 5% water 10% 109 89 105 145 154

Methanol

Acetone/5% water/15% 110 87 142 145 173

Methanol

Butanone/5% water 93 63 67 103 63

Butanone/10% water 31 0 2 112 75

Butanone/5% water/5% 98 94 103 102 137

Methanol

Butanone 5% water 10% 96 99 97 78 125

Methanol

Butanone/5% water/15% 97 95 96 116 147

Methanol

1,2-Dimethoxyethane 73 34 0 12 100

2-methoxyethyl ether 100 98 69 20 93

“ UV peak areas after HPLC separation compared to same derivative in acetonitrile. " o4 water is total water in
derivatisation mixture (includes aqueous sample and base).
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Both dimethoxyethane and 2-methoxyethyl ether are difficult to obtain at a purity sufficient
for use with HPLC and they react rapidly with atmospheric oxygen to form peroxides. Peaks
present in the chromatogram because of the impurities in 2-methoxyethyl ether are indicated
in Figure 2.7. 2-Methoxyethyl ether has the advantage of a low freezing point, which permits
the storage of derivatised specimens in solution in a freezer. However, derivatisation in
2-methoxyethyl ether and 1,2-dimethyoxyethane caused dimethylglycine to appear as
multiple peaks on the chromatogram (Figure 2.8), probably as a result of an increase in the

water content of the solvent.
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Figure 2.7 HPLC trace showing peaks Figure 2.8 HPLC trace showing multiple
caused by impurities in solvent N,N-dimethylglycine peaks in
Blank chromatograms for 2-methoxyethyl ether dimethoxyethane
(black) and acetonitrile (red). Fluorescence Dimethylglycine derivative peaks in
detection Ex =250 nm, Em = 413 nm Separation 1,2-dimethoxyethane (black), and blank
conditions see fig 2.5 1,2-dimethoxyethane (red). UV detection 249 nm.

Separation conditions see fig 2.5

Although derivatisation does not occur in pure alcohols, addition of methanol to other
solvents can assist derivatisation by increasing the solubility of the components of the reaction
(Table 2.6). Acetone containing methanol (75/15 v/v) gave the highest yield of derivatives.
However, the volatility of acetone can lead to unreliable sample concentrations as a result of

solvent evaporation, for this reason the less volatile butanone is preferred.
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Other possible solvents and their disadvantages are examined in Table 2.7. Ingalls et al.

claimed that dry dimethylsulfoxide was readily derivatised by the triflate reagents and was

therefore not suitable as a derivatisation solvent (Ingalls, Minkler et al. 1984). However, no

derivatives of dimethylsulfoxide were observed with mass spectrometry, indicating that the

reaction that leads to the derivatisation of trimethylamine-N-oxide does not occur for the

sulfur analogue. Dimethylsulfoxide is hygroscopic and it is possible that no derivatisation

occurred because of adventitious water.

Table 2.7 Solvents used for derivatisation with triflate reagents

Solvent mp°C bp°C D° Comments

Acetonitrile -45 81.6 Y Derivatises to give extra peak in HPLC

Acetone -94 56.5 Y Volatile, causing unpredictable concentration changes
due to evaporation losses

Butanone -86 79.6 Y Less volatile than acetone but gives lower derivative
yields

1,2-Dimethyoxyethane -58 82-83 Y Impurities present cause extra peaks in HPLC trace

2-Methoxyethyl ether -68 162 Y Impurities present cause extra peaks in HPLC trace

Propylene carbonate -55 240 Y Inconsistent derivatisation results

1,4 Dioxane 11.8 101.1 Y Inconsistent derivatisation results

Tetramethylene sulfone 27 285 Y Impurities are derivatised and samples may solidify at
room temperature.

Dimethylsulfoxide 1845 189 Y Samples freeze in fridge

N,N-Dimethylformamide  -61 153 N -

Water 0 100 N -

Ethyl acetate -83 77 N -

N-methyl-2-pyrrolidone -24 81 N -

Ethanol -144 78.5 N Derivatives are readily hydrolysed

Diethylcarbonate -43 126 N -

Dimethylcarbonate 2-4 90 N -

Tetrahydrofuran -108.5 66 N -

*Y = derivatisation occurred, analytes detectable after HPLC separation, N = No derivatives formed
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2.5.2 Choice of base for derivatisation

The derivatisation reaction requires the presence of base, but the base must be removed
afterwards to prevent hydrolysis of the derivatives. Wittmann and Zeigler showed that the
derivatives are rapidly destroyed in basic solution without regeneration of the derivatising
reagent (Wittmann and Ziegler 1988). Centrifugation to remove solid or resin bound base is
an effective method of halting derivatisation and is beneficial, as high concentrations of
eluting ions are undesirable in the injection solvent for most HPLC separation systems. The

relative efficiency of derivatisation with a number of different bases is shown in Table 2.8.

Three inorganic bases were found to be effective in the presence of a trace of water —
magnesium hydroxide, lithium phosphate and silver oxide. These bases were convenient
because they form relatively stable suspensions in water, and the excess can be easily
removed from the mixture by centrifugation after derivatisation was complete. Additionally
they did not introduce interfering peaks in the HPLC. Because of their low solubility a low
but steady concentration of hydroxide ions is maintained in equilibrium with the solid.
However compared to derivatisation with magnesium oxide present, other bases give poor

reproducibility, and the carnitine and trimethylamine peaks were not quantifiable (Figure 2.9).
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Figure 2.9 HPLC trace showing Figure 2.10 HPLC trace showing peaks
derivatisation with alternative base resulting from impurities from resin bases
Derivatisation of 1. glycine betaine and 2. Blank chromatograms for Biorad AG-3 resin (black)
carnitine magnesium hydroxide (black), silver and magnesium hydroxide (red). Separation conditions
oxide (red). Separation conditions see fig 2.5 see fig 2.5
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Tertiary amine bases on polymeric support resins are also easily removed by centrifugation.
However, suspensions of these are difficult to pipette accurately. Reproducibility can be
improved by weighing the base into each sample tube, but this is labour intensive and was not
pursued. Furthermore unknown peaks persisted in the chromatograms despite thorough

washing of the resins to remove traces of tertiary amines (Figure 2.10).

Table 2.8 Relative efficiency of derivatisation with different bases

Base Glycine  Carnitine ~ N,N- Dimethylsulfide = Trimethylamine
betaine dimethylglycine
Magnesium hydroxide
0.1 gmL", 5% water 100 100 100 100 100
0.1 gmL", 10 % water 90 95 34 100 104
0.2 gmL", 5%water 100 100 105 100 98
Lithium phosphate
0.1 gmL", 5% water 98 63 46 150 23
0.1 gmL", 10 % water 140 95 51 110 56
0.2 gmL", 5%water 97 24 51 128 15
Silver oxide
0.1 gmL", 5% water 100 103 100 75 356
0.1 gmL™", 10 % water 38 63 59 12 121
0.2 gmL", 5%water 94 97 77 76 303
DEAE-cellulose
0.1 gmL", 5% water 57 6 24 69 5
0.1 gmL"’, 10 % water 26 1 2 71 <1
0.2 gmL™", 5%water 31 1 10 109 <1
Polymer-bound piperidine
0.1 gmL™", 5% water 5 <1 6 62 0
0.1 gmL™", 10 % water 10 <1 6 87 0
0.2 gmL", 5%water 17 <1 10 52 0
Biorad AG-3
0.1 gmL", 5% water 1 0 5 80 0
0.1 gmL", 10 % water 9 <1 6 56 0
0.2 gmL™", 5%water 3 0 7 83 0
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2.5.3 Effect of water and extra base on derivatisation

The derivatisation mixture contains approximately 5% water from the sample and aqueous
base. Trace amounts of water are necessary in order to maintain a low but steady
concentration of hydroxide ions in equilibrium with the solid. However, increasing the
amount of water present increases the concentration of hydroxide ions present, and this lowers
the yield of derivative (Table 2.8), because although base is necessary for the derivatisation
process, it also causes the hydrolysis of the derivatives. In butanone, the decrease in derivative
yield is a result of phase separation and affects all analytes. In other solvents the carnitine
derivatives are particularly susceptible to increased water content. Derivatisation of
N,N-dimethylglycine is very susceptible to the presence of water, and multiple peaks are
observed for N,N-dimethylglycine if the water content exceeds 5%. Increasing the
concentration of the bases led to unpredictable derivatisation, and did not increase

derivatisation yield for any of the analytes (Table 2.8).
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2.5.4 Limits of detection

Compared to the 2-naphthacyl triflate and UV detection, the limits of detection (S/N=3) of
glycine betaine and carnitine are dramatically improved using 2-phenanthreneacyl triflate
coupled with fluorescence detection (Table 2.9). The 2-phenanthrenacyl triflate reagent reacts
with the analytes at a rate similar to that of the 2-naphthacyl triflate reagent under the same
conditions, so limit of detection were calculated using the same derivatisation conditions for

all reagents.

The limits of detection for the analysis of trimethylamine, trimethylamine-N-oxide, glycine
betaine and N,N-dimethylglycine compare favourably to published methods. GC-MS is
commonly used for trimethylamine and trimethylamine-N-oxide quantification with limit of
detection around 0.8 uM and 14.9 uM respectively (Mills, Walker and Mughal 1999). A
'H NMR-based method has also been used, with limit of detection of approximately 50 pM
for both analytes (Podadera, Areas and Lanfer-Marquez 2005). The use of 2-phenanthrenacyl
triflate improves the limit of detection for glycine betaine and N, N-dimethylglycine, which are
usually determined by HPLC. Holm ef al. used LC-MS/MS to measure N, N-dimethylglycine
and glycine betaine to a limit (S/N =5) of 0.3 uM (Holm, Ueland et al. 2003).

Table 2.9 Limits of detection *

Substance 2-Naphthacyl UV (uM)  2-Phenanthrenacyl UV (uM)  2-Phenanthrenacyl
Fluorescence (uM)

Glycine betaine 0.2 0.13 0.04

Carnitine 0.24 0.15 0.04

Dimethylsufoniopropionate ~ 0.87 0.48 0.17

Trigonelline 0.21 0.22 0.5

N, N-dimethylglycine 0.12 0.14 0.08

Sarcosine 0.73 0.02 0.91

Trimethylamine 0.14 0.07 0.07

Trimethylamine-N-oxide 30 5.89 11

Creatinine 0.32 0.33 0.08

Phosphorylcholine 28 13.7 13

Dimethylsulfide 3.8 5.52 26

“50 pL of derivatised sample injected, signal to noise ratio = 3. For HPLC conditions see experimental details.
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2.6 CONCLUSIONS

Table 2.10 shows the most favourable conditions for derivatisation of the representative
compounds. The conditions shown are not necessarily those that gave the highest yield of
derivative, but are the conditions that give reasonable yields without complicating the
preparation of the sample, or introducing additional peaks in the HPLC trace. Butanone was
the optimal solvent, because its low volatility allows samples to be prepared at room
temperature and unlike acetonitrile it is not derivatised. Methanol was added to the
derivatisation solvent to solubilise the analytes, reagents and base, and to assist derivatisation.
Carnitine esters proved particularly susceptible to degradation, possibly reflecting incomplete
removal of the base after derivatisation. The resin bound bases were more difficult to
completely remove from the sample, and lead to decreased yields for the derivatisation of
carnitine. The slower derivatisation of N,N-dimethylglycine and dimethylsulfide suggested
that a longer reaction time, or heating, would be desirable to achieve high yields of these
derivatives. The conditions shown in Table 2.10 will avoid the multiple peaks that can occur

with other solvents and variable water content, and give high yields of derivatives.

Table 2.10 Best derivatisation conditions

Analyte Solvent Methanol Base Water Reaction time at
content content room temperature

Betaine (glycine betaine Butanone 5% Magnesium oxide or 5% 2 min

or carnitine) silver oxide

N,N-dimethylglycine Butanone 15% Magnesium oxide 5% 20 min

Dimethylsulfide Butanone 15% Lithium phosphate 5% 60 min

Trimethylamine Butanone 15% Silver oxide 5% 2 min
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To summarise, the aracyl triflates are useful derivatisation reagents for a range of biologically
or pharmaceutically important compounds. However, modification of the reaction conditions
to favour the derivatisation of specific functional groups is needed to make accurate
quantification a reality. The reaction is rapid and in most cases can be carried out a room
temperature without specialist equipment. The new aracyl triflate reagents, in particular
2-phenanthrenacyl triflate, have improved the sensitivity, increased the analytical range of the
assay, and removed the need for an evaporation step. The increase in sensitivity permits the
use of lower concentrations and smaller sample volumes, and should be adaptable to more
rapid separation techniques such as capillary electrophoresis. The other reagents studied are
also useful, as having several options increases the range of buffers and solvents that can be
used. A selection of fluorescence reagents is also advantageous for capillary electrophoresis
coupled with fluorescence detection. The triflate reagents are ideal for derivatising a range of
compounds in routine analysis. Separations of the derivatives formed by the reaction of
betaines and related compounds with the triflate reagents is discussed in chapters three, five

and Six.
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2.7 EXPERIMENTAL

General

The ultraviolet absorption data reported were recorded on a Philips (Almelo, Netherlands) PU
8730 UV-Visible spectrometer (cell path length 10 mm). Fluorescence spectra were recorded
on a Varian Cary Eclipse fluorescence spectrometer (Palo Alto, CA) with a xenon pulse lamp.
A quartz sample cell (10 mm square) was used and the slit width for both excitation and
emission was 5 nm. Solutions of the derivatising reagents (10 uM) were prepared in 90:10

acetonitrile:water or 75:25 propan-2-ol:water.

'H and ">C NMR spectra were obtained on a 300 MHz Varian Unity or 500 MHz Varian
INOVA spectrometer.

Reagents
2-(2,3-Naphthalimino)ethyl triflate was purchased from Molecular Probes Inc. (Eugene,
Oregon).

Betaines and other compounds that were derivatised were purchased from Sigma-Aldrich (St
Louis, MO), except dimethylsulfide which was purchased from Fluka (Basel, Switzerland)
and dimethylsulfoniopropionate which was synthesised by the method of Samuelsson et al.

(Samuelsson, Randall et al. 1998).

All other reagents were analytical grade and were used without further purification.
2-Methoxyethyl ether and tetramethylamonium hydroxide were purchased from Fluka. HPLC
grade acetonitrile was purchased from Mallinckrodt (Paris, Kentucky). Acetone and
magnesium oxide were supplied by BDH (Poole, England). All other solvents and lithium
phosphate, polymer bound piperidine, DEAE cellulose, glycolic acid, and silver oxide were
purchased from Sigma-Aldrich (St Louis, MO). Biorad AG-3 was purchased from Biorad
(Hercules, CA).
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Derivatising reagents

As described previously (section 2.2) the triflates used were all prepared by Method A
(Scheme 2.1) based on that of Regitz and Menz (Regitz and Menz 1968). The synthesis of the
2-naphthacyl triflate given below is representative of the method used, but slight

modifications were required in some cases.

Synthesis of the 2'-diazoacetylnaphthalene

A well-stirred slurry of sodium methoxide (6 g, 110 mmol) in anhydrous ether (80 mL) was
cooled in an ice-bath and to this was added, dropwise over 15 min, a solution of
2-acetonaphthone (17 g, 100 mmol) and methyl formate (6.6 g, 110 mmol) in sufficient ether
to dissolve the former (approximately 50 mL). Stirring was continued for 15 h at room
temperature. During this period, the suspension of the sodium methoxide was replaced by one

of the sodium salt of the B-ketoaldehyde.

The precipitate was filtered off, washed with anhydrous ether and allowed to air dry. The
yield (22 g) was approximately quantitative, and the product could be used without further
purification. If not used immediately, it was stored in a sealed vial away from the light until

needed.

The sodium salt of the B-ketoaldehyde (22 g, 100 mmol) was suspended in 250 mL of ethanol
and cooled to 0-5°C (ice bath). To this was added dropwise, with stirring, p-toluenesulfonyl
azide (Curphey 1981) (20 g, 100 mmol). The rate of addition was not critical, as heat did not
evolve. The ice bath was removed, and stirring continued at room temperature for 4 h, during
which the suspension turned yellow. The ethanol was then evaporated at 30°C under reduced
pressure. Ether (250 mL) and 10% sodium hydroxide (200 mL) was added to the residue, and
the contents of the flask were shaken until any solid present had dissolved in the ether layer.
The organic layer was then separated, washed with water, and dried. Solvent evaporation gave
the diazoketone as a yellow solid (18 g, 92%), which was sufficiently pure for conversion to
the triflate.

du (300 MHz, CDCl;; Me4Si) 8.24 (1 H, s, ArH),7.81-7.93 (4 H, m, ArH), 7.50-7.59 (2 H, m,
ArH), 6.04 (1 H, s, CH).
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Diazoketones prepared by this route are described below.

4-Phenoxydiazoacetophenone
Crystallisation of the crude product from petroleum ether gave yellow crystals, (54% yield).
du (300 MHz, CDCl;; MesSi) 7.72-7.73 (2 H, d, ArH), 7.36-7.41 (2 H, m, ArH), 7.19-7.21

(1 H, m, ArH), 6.98-7.08 (4 H, m, ArH), 5.87 (2 H, s, CH,).

4-Cyanodiazoacetophenone

Crystallisation of the crude product from petroleum ether gave yellow crystals (65% yield).

du (300 MHz, CDCl,; MesSi) 7.72-7.78 (2 H, d, ArH), 7.82-7.88 (2 H, d, ArH), 5.87
(2H,s,CH,)

6-Methoxy-2'-diazoacetylnaphthalene

Crystallisation of the crude product from petroleum ether gave pale yellow crystals (93%
yield)

du (300 MHz, CDCl;; Me4Si) 8.18 (1 H, s, ArH), 7.85 (1 H, d, Ar), 7.75-7.80 (3 H, m, ArH),
7.19-7.21 (2 H, m, ArH), 6.02 (1 H, s, CH), 3.95 (3 H, s, OCH3).

2-Diazoacetylphenanthrene

Crystallisation of the crude product from petroleum ether gave yellow crystals (85% yield)

du (300 MHz, CDCl;; MeySi) 8.79, (1 H, d, Ar). 8.71 (1 H, d, Ar), 8.30 (1 H, d, Ar), 8.03-
8.01 (1 H,d, Ar), 7.91-7.93 (1 H, d, Ar), 7.66-7.71 (2 H, m, Ar), 6.10 (1 H, s, CH).

The preparation of the last two diazoketones was modified slightly because of the low
solubility of both the methyl ketone starting material and the products in the solvents used.
For the 6'-methoxy-2'-diazoacetylnaphthalene reaction it proved necessary to use about three
times as much ether in the Claisen step, and extraction of the diazo compound required
dichloromethane rather than ether. For the 2'-phenanthrenyl compound, the starting material
and products were even less soluble. The condensation step was allowed to continue for two
days, and the diazo transfer step for three days. The diazoketone product was then isolated by

multiple extractions of the reaction mixture with dichloromethane.
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Conversion of the diazoketones to a-ketotriflates

Dichloromethane (30 mL) was cooled to —20°C (dry ice /ethylene glycol), and triflic acid
(4.5 mL, 50 mmol) added slowly to the stirred solvent. A solution of the diazoketone (5 g,
25 mmol) dissolved in dichloromethane (20 mL) was then added dropwise over a period of
10-15 minutes to the well-stirred solution. The solution initially turned orange and then
darkened. After the addition was complete, stirring under nitrogen was continued for about an
hour at —20°C. The mixture was then allowed to warm to room temperature and stand

overnight.

Excess triflic acid was neutralised by the cautious addition of aqueous sodium bicarbonate
(10 mL) to the stirred solution. The mixture was then poured into a 250 mL separating funnel,
washed with aqueous sodium bicarbonate and then water. The dichloromethane layer was
separated, dried (Na,;SO,), and the dichloromethane evaporated to give the triflate as a dark-
coloured, but normally crystalline, product. At this point, the yield was usually quite high, and
normally a single crystallisation gave a product sufficiently pure for subsequent use. Purer
products could be obtained by further recrystallisation of this material, but this often led to

considerable losses.

Details for individual compounds are given below. Unless otherwise stated, the final

conversion to the triflate was carried out in dichloromethane.

2-Naphthacy! triflate

Crystallisation of the crude product from benzene-petroleum ether gave colourless leaflets,
m.p. 109-110°C 30% yield.

Found: C, 49.0; H, 3.1%. C;3HoF504S requires C, 49.1; H. 2.9%.

du (300 MHz, CDCl;; Me,4Si) 8.35 (1 H, s, ArH), 7.88-7.97 (4 H, m , ArH), 7.56-7.68 (2 H,
m, ArH), 5.77 (2 H, s, CH,)
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6-Methoxy-2-naphthacyl triflate

This product was extremely difficult to free from coloured impurities. Crystallisation from
benzene-petroleum ether gave white flakes with a green tinge, m.p. 132-4°C in ca 30% yield.
More strongly coloured fractions obtained (ranging up to dark green in colour) appeared
substantially pure by 'H NMR.

Found: C, 55.7; H, 2.9%. C,H,;F;0S requires: C, 55.4; H 3.0%

du (300 MHz, CDCl;; Me4Si) 8.28, (1 H, s, Ar), 7.90 (1 H, d, Ar) 7.81-7.86 (2 H, m, Ar),
7.23-7.26 (1H, d, Ar), 7.17 (1 H, s, Ar), 5.76 (2 H, s, CH,), 3.96 (2 H, s, OCH3).

2-Phenanthrenacyl triflate

Because of the low solubility of the diazoketone in dichloromethane the diazoketone was
added as a slurry. This appeared to have no effect on the yield. The crude product was
substantially pure by NMR spectroscopy and formed in close to quantitative yield.
Recrystallisation from dichloromethane gave light brown crystals, m.p. 120-2°C

Found: 55.7; H, 2.9%. C,;H,,F,0S requires: C, 55.4; H, 3.0%

du (300 MHz, CDCl;; MesSi) 8.79, (1 H, d, Ar). 8.71 (1 H, d, Ar), 839 (1 H, s, Ar), 8.13
(1 H, s, Ar), 7.94-7.96 (1H, d, Ar), 7.86 (1H, d, Ar), 7.80 (1 H, d, Ar), 7.71-7.74 (2 H, m, Ar),
5.82(2H,s,CH,).

4-Phenoxyphenacyl triflate and 4-cyanophenacy! triflate.

These products were isolated as large yellow crystals and white flakes respectively. All
attempts to purify the crude products led to rapid decomposition. Spectral properties were
recorded for these impure compounds. However, decomposition is undesirable for a

derivatising reagent so these compounds were not pursued further.

Preparation of triflate derivatives

The derivatisation procedure was based on the method of Ingalls et al. (Ingalls, Minkler et al.
1984) as modified by Lever et al. (Lever, Bason et al. 1992). Aqueous standard (500 pM,
10 uL) was diluted in acetonitrile (250 pL) in an microcentrifuge tube. The aracyl triflate
(50 pL) derivatising reagent (100 mM) in acetonitrile and 5 pL. of an aqueous suspension of
magnesium oxide (0.1 gmL™") were added. This resulting mixture was vortexed briefly and
shaken for 5 minutes (the time was varied to determine optimal reaction time), before
centrifuging for 5 minutes at 11 000 rpm to remove the base. Samples were removed

immediately from the centrifuge and 200 pL of supernatant was transferred to an HPLC vial.
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Vials were capped tightly to avoid evaporation and 50 pL of sample was injected onto the

column.

When solvents other than acetonitrile were used, the aqueous standards were diluted and the
derivatisation reagent was prepared in the appropriate solvent. To determine the effects of
water in the derivatisation mixture, water was added to give a total content of 10% and 15%
after derivatisation. Aqueous suspensions of all bases were prepared. Derivatisation with
bases at concentrations of 0.1 gmL™" and 0.2 gmL" were compared to determine the affect of

base concentration.

High-performance liquid chromatography
Cation exchange HPLC was performed on a Shimadzu Class VP system (Kyoto, Japan) with a
sample loop of 100 u«L, a Shimadzu Diode array detector (SPD-M10A), and a Shimadzu

fluorescence detector (RF-10AXL) with a I50W xenon continuous arc lamp.

Two mobile phases were used for HPLC analyses either 75% propan-2-ol/water with 1.25
mM succinic acid, 0.625 mM triethylamine or 90% acetonitrile/water with 7 mM tetramethyl
ammonium hydroxide, 14 mM glycolic acid. Mobile phase was delivered at a flow rate of 1.0
mLmin”'. Columns were either a Brownlee 5 um silica 100 x 4.6 mm cartridge or a
Phenosphere (SCX 80A 5 puM, 250 mm x 4.6 mm) with a guard cartridge of the same

packing. Columns were maintained at 40°C during analyses.

Derivative Properties

The diode array spectrum was used to determine the absorption maximum of the glycine
betaine derivative during HPLC analysis. The fraction containing the derivative was collected
as it eluted from the HPLC and analysed with the Varian Cary Eclipse fluorescence
spectrometer. The solvent used for both UV and fluorescence analysis was 90%

acetonitrile/water.
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Mass Spectrometry

A 20 pL aliquot of derivatised sample was delivered to the ion source of a Micromass
Platform II quadrapole analyser. A flow rate of 10 pLmin™ of acetonitrile was maintained
using a Jasco PU-980 HPLC system (Tokyo, Japan). The probe was maintained at 60°C and
+35000 V, and a m/z range (200-500) was scanned with a cone voltage set at 45 V. Data were
acquired and processed using the Mass Lynx software and transformed onto a true mass scale

using Mass-Ent software.

Derivatives of the compounds of interest were prepared using the 2-naphthacyl triflate
reagent. The initial concentration of the aqueous standards was 10 mM. The blank sample was
prepared by replacing the analyte standard with an equivalent amount of water. A sample
containing only solvent and triflate reagent (no base or analyte) was prepared to determine
which masses were derivatives and which where impurities of the solvent. Prior to injection
into the mass spectrometer the samples were diluted to a final concentration of 34 uM with

90% acetonitrile/water.
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3 OPTIMISATION OF AN HPLC ASSAY FOR THE SEPARATION OF
GLYCINE BETAINE AND N,N-DIMETHYLGLYCINE IN PLASMA

3.1 BIOLOGICAL IMPORTANCE OF BETAINES AND RELATED COMPOUNDS

In the previous chapter, the synthesis of novel triflate reagents and the use of these to
derivatise betaines and related compounds were described. In this chapter, the separation of

these derivatives by HPLC is discussed.

Some biologically important betaines are shown in Figure 3.1. Measuring these compounds or
their derivatives is possible by GC-MS (Allen, Stabler and Lindenbaum 1993), NMR
(Moolenaar, Poggi-Bach ef al. 1999), radioenzymatic assay (de Sousa, English et al. 1990),
LC-MS/MS (Holm, Ueland et al. 2003), reversed phase, cation exchange, and normal phase
HPLC (Lever, Bason ef al. 1992; Laryea, Steinhagen et al. 1998; Janssens, De Rycke et al.
1999). However, many of these methods lack the sensitivity required to accurately quantify
the biological concentrations of several of the betaines without lengthy sample preparation

and pre-concentration.
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Figure 3.1 Structures of betaines and related compounds

3.1 Glycine betaine, 3.2 N,N-Dimethylglycine , 3.3 Trigonelline, 3.4 Proline betaine,

3.5 Trimethylamine-N-oxide, 3.6 Trimethylamine, 3.7 Arsenobetaine, 3.8 Dimethylsulfoniopropionate,
3.9 Dimethylsulfide, 3.10 Carnitine, 3.11 Acetylcarnitine, 3.12 Octanoylcarnitine, 3.13 Creatinine
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For this work, the particular interest was in the biological concentrations of glycine betaine
(3.1) and N,N-dimethylglycine (3.2), but several other betaines are present in biological
samples. To be able to accurately quantify the compounds of interest it is important to be
aware of the other compounds present in the sample that will be derivatised by the triflate
reagents and will behave similarly under the chromatographic conditions. Understanding the
behaviour of the derivatives also allows the assays to be modified to determine the
concentrations of other betaines. Betaines that may be present in biological samples include
trigonelline (3.3) and proline betaine (3.4) (or stachydrine) which are naturally occurring.
They are present in the normal human diet and are usually rapidly excreted (de Zwart, Slow et
al. 2003). It is not uncommon to observe these betaines in concentrations in excess of 1 mM
in the urine of humans and other mammalian species (Lever, Sizeland et al. 1994; Lever,
Sizeland et al. 2004). The excretion of trimethylamine (3.6) is increased if the patient is
suffering from trimethylaminuria, a genetic disorder also known as ‘fish odour syndrome’
(Maschke, Wahl et al. 1997; Mitchell and Smith 2001). While trimethylaminuria is not a fatal
condition, in the homozygous form it inflicts a characteristic odour, which can be socially
debilitating. Other compounds such as trimethylamine-N-oxide (3.5) and arsenobetaine (3.7)
are present in many species of fish and shellfish (Bell, Lee et al. 1991), and are found in
mammalian urine following the ingestion of seafood (Yancey, Clark ef al. 1982; Van Waarde

1988).

Carnitine (3.10) is a betaine and is essential as an acyl carrier in eukaryotic cells, and occurs
(with its O-acyl esters (e.g. 3.11, 3.12)) in human blood and urine, where the concentration is
measured for clinical purposes (Haeckel, Kaiser et al. 1990; de Sousa, English et al. 1994;
McEntyre, Lever and Storer 2004). The sulfonium analogues of betaine ("thetins") function as
osmolytes. Dimethylsulfoniopropionate (3.8), is accumulated by marine algae and some land
plants in response to osmotic stress (Dickson and Kirst 1987; Dickson and Kirst 1987; Story,
Gorham et al. 1993; Paquet, Rathinasabapathi ef al. 1994). Dimethylsulfoniopropionate, and
its degradation product dimethylsulfide (3.9), are important in marine ecology and
dimethylsulfide contributes to the greenhouse effect (Malin 1996). Creatinine (3.13) is a
waste product produced from creatine by the muscles and its clearance is a marker of kidney
function. It is not a betaine; however, it is derivatised by the triflate reagents and forms a
cationic derivative. It is present in high concentration in most urine samples and can interfere

with the separation of the betaines of interest (McEntyre, Lever and Storer 2004).
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3.1.1 Glycine betaine and N, N-dimethylglycine

Glycine betaine has a widespread role in osmoregulation in bacteria, plants and animals
(Stewart and Larher 1980; Le Rudulier, Strom et al. 1984; Bagnasco, Balaban et al. 1986;
Garcia-Perez and Burg 1991). In humans, glycine betaine is provided by the diet and is
produced by the oxidation of choline in the liver or kidneys. Choline (I) is an important source
of methyl groups and is synthesised by a de novo pathway during the conversion of
phophatidylethanolamine to phosphatidylcholine, which requires S-adenosylmethionine (II) as
a methyl donor (Figure 3.2). However not enough choline is produced by this pathway to
meet the body’s requirements so a dietary supply is necessary and a RDI has recently been
suggested (Institute of Medicine Food and Nutrition Board 1998). Apart from its role as a
methyl donor, choline is also important for the synthesis of phospholipids in cell membranes,
cholinergic neurotransmision, transmembrane signaling and lipid cholesterol transport and

metabolism (Niculescu and Zeisel 2002).

Glycine betaine is a source of methyl groups which spares methionine and provides an
important mechanism by which homocysteine is removed from circulation (Finkelstein and
Martin 1984; Finkelstein, Martin and Harris 1988). This remethylation pathway for
homocysteine occurs in the liver and kidneys (Figure 3.2) and is catalysed by the zinc
metalloenzyme betaine homocysteine methyltransferase (1). In this pathway glycine betaine
(III) is converted to N,N-dimethylglycine (VI) when a methyl group is donated to
homocysteine (IV) to produce methionine (V). Methionine is an essential amino acid, which
is converted to S-adenosylmethionine (II) to provide methyl groups for many enzymes,
ultimately this reaction reforms homocysteine. S-Adenosylmethionine inhibits betaine
homocysteine methyltransferase activity and it is thought that betaine homocysteine
methyltransferase functions mainly to conserve homocysteine under conditions of methionine
deficiency. As previously discussed, homocysteine is also remethylated to methionine by the
vitamin Bj, and folate dependent methionine synthase (2) catalysed pathway and catabolised
to cystathionine by the vitamin B¢ dependent enzyme cystathionine B—synthase (3) in the

transsulfuration pathway.
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Figure 3.2 Homocysteine remethylation pathways
1. betaine homocysteine methyltransferase 2. methionine synthase 3. methylene tetrahydrofolate reductase
4. cystathionine-b-synthase

Finkelstein et al. used an in vitro system to investigate the distribution of homocysteine
between the different pathways. They found that under normal conditions 27% of the
homocysteine was consumed by each of the betaine homocysteine methyltransferase and
methionine synthase pathways and 46% in the transsulfuration pathway (Finkelstein and
Martin 1984). The distribution changes if one of the pathways is disrupted. Lack of the
necessary cofactors for the enzymes of one pathway leads to increased activity by the
alternative enzymes. Methionine and choline deficient diets cause a decrease in folate of up to
50%, as the methionine synthase pathway is up-regulated to supply methionine from
homocysteine (Niculescu and Zeisel 2002). During folate, vitamin B;, and B¢ deficiency
betaine homocysteine methyltransferase is upregulated to remove the increased amounts of
homocysteine. Finkelstein and Martin created a folate deficient in vitro system by removing
methyltetrahydrofolate. This caused a 34% increase in the activity of betaine homocysteine
methyltransferase. This was not enough to make up for the lack of methionine synthase
activity so an increase in total homocysteine concentration was still observed (Finkelstein and

Martin 1984).
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Schwahn et al. used methylene tetrahydrofolate reductase knockout mice to investigate the
relationships between folate, homocysteine and glycine betaine (Schwahn, Chen et al. 2003).
Methylene tetrahydrofolate reductase knockouts had raised total homocysteine despite higher
betaine homocysteine methyltransferase activity, which caused a decrease in glycine betaine
and N,N-dimethylglycine. The decrease in glycine betaine was not significant, possibly
because concentrations are maintained by an increased supply from choline catabolism.
Despite an increased flux through the betaine homocysteine methyltransferase pathway which
would be expected to increase N,N-dimethylglycine concentrations there was a significant
decrease in N, N-dimethylglycine concentrations. Presumably the N,N-dimethylglycine
dehydrogenase responsible for the catabolism of N,N-dimethylglycine is also up-regulated.
Tetrahydrofolate is required for N,N-dimethylglycine to be broken down to glycine and
ultimately CO, and NHj3, In methylene tetrahydrofolate reductase knockouts or vitamin B,
deficiency, folate concentrations would be adequate for normal enzyme function and
N,N-dimethylglycine catabolism but during folate deficiency N, N-dimethylglycine can not be

catabolised as efficiently and so concentrations would be expected to increase.

As a result of the folate dependence of the catabolism of N,N-dimethylglycine and the
increased flux through the betaine homocysteine methyltransferase pathway with folate
deficiency the ratio of the concentrations of N,N-dimethylglycine and glycine betaine may
change during folate deficiency. N, N-Dimethylglycine and glycine betaine concentrations are
correlated in normal and B;, deficient patients (r=0.47 p<0.001) (Allen, Stabler and
Lindenbaum 1993; Holm, Ueland et al. 2005). This correlation reflects the
N,N-dimethylglycine production from glycine betaine (Holm, Ueland et al. 2005), however it
plateaus at higher N, N-dimethylglycine concentrations, which is attributed to the inhibition of
betaine homocysteine methyltransferase by N, N-dimethylglycine. N,N-Dimethylglycine
inhibits betaine homocysteine methyltransferase with a K; of 10 uM which is within the range
achieved during betaine supplementation (Allen, Stabler and Lindenbaum 1993),
N,N-dimethylglycine supplementation (Slow, McGregor et al. 2004) and folate deficiency
(Allen, Stabler and Lindenbaum 1993). As a consequence there is a weaker association

between N, N-dimethylglycine and glycine betaine concentrations in folate deficient patients.
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The N,N-dimethylglycine/glycine betaine ratio during folate deficiency has not been
specifically investigated, however changes in the concentrations of the metabolites with folate
deficiency are acknowledged. Serum N,N-dimethylglycine concentrations in a group of
patients with confirmed folate deficiency (determined by low serum folate values,
megaloblastic bone marrow morphology, hematologic abnormalities and responses to folic
acid therapy) were significantly greater (55.5 uM) than normal controls (3.6 uM) or Bj;
deficient patients (6.6 uM) (Allen, Stabler and Lindenbaum 1993). Allen et al. found that
during folate deficiency the mean serum concentrations of glycine betaine decreased by 25%
(Allen, Stabler and Lindenbaum 1993). However the results of this study are difficult to
interpret as 12% of the folate deficient group had severe alcoholic liver disease, which caused
elevated glycine betaine concentrations. In rats alcohol feeding has previously been found to
initially increase betaine homocysteine methyltransferase activity and subsequently lower
glycine betaine concentrations, however prolonged exposure to alcohol eventually leads to
decreased S-adenosylmethionine concentrations suggesting betaine homocysteine
methyltransferase activity was decreased (Barak, Beckenhauer and Tuma 1996). This would
cause an increased glycine betaine concentration, which is consistent with the observations of
Allen et al. in patients with alcoholic liver disease (Allen, Stabler and Lindenbaum 1993). The
inclusion of the raised glycine betaine results within the folate deficient group minimises the
change in glycine betaine. As a result the glycine betaine concentrations were not
significantly different between the control, vitamin Bj, deficient and folate deficient
populations. Look et al. measured N,N-dimethylglycine and folate in 17 HIV 1l-infected
patients. The mean serum folate concentrations were lower and the N,N-dimethylglycine
concentrations higher in this population compared to a normal population (Look, Riezler et al.
2001). The increase in N,N-dimethylglycine concentration as a result of low folate
concentrations will change the N, N-dimethylglycine/ glycine betaine ratio. The altered ratio
could be used to distinguish between vitamin replete, vitamin Bj, deficient and folate
deficient patients as the ratio would be more specific than a change in concentrations of either

of the analytes individually.
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In a large study of glycine betaine metabolism, Lever et al. recruited 158 patients from a lipid
clinic. The correlation in this population between the N,N-dimethylglycine/glycine betaine
ratio and red blood cell folate concentration was not significant (p=0.13) (Dellow 2003;
Lever, George et al. 2005). However this group included very few patients who were folate
deficient (observed range 248-1088 nM, normal range 380-1200 nM). In a subset of this
population, with established cardiovascular disease, red blood cell folate was significantly
lower, N,N-dimethylglycine concentrations higher and the ratio of
N,N-dimethylglycine/glycine betaine was lower. Unlike the population as a whole the plasma
N,N-dimethylglycine concentration in patients with established cardiovascular disease did not
correlate with total homocysteine concentrations but were correlated with red blood cell folate
concentrations. The associations between the N,N-dimethylglycine/glycine betaine ratio and
folate concentrations may be strengthened when the patient has low normal folate
concentrations or is folate deficient, before this point there appears not to be a significant
relationship. An assay to measure N, N-dimethylglycine and glycine betaine would lend itself
to being used in conjunction with measurement of folate concentrations and the ratio may

potentially be useful as a marker of functional folate deficiency.

85





3.2 METHODS FOR MEASURING GLYCINE BETAINE AND
N,N-DIMETHYLGLYCINE IN PLASMA AND URINE

Despite the low concentrations of glycine betaine and N,N-dimethylglycine present several
studies have reported ranges in the plasma and urine of normal populations. Males have
significantly higher glycine betaine concentrations than females. In 158 patients recruited
from a lipid clinic the mean concentration for men was 27.2 uM and for women 19.9 uM
(Lever, George et al. 2005). There was a small, insignificant difference in
N,N-dimethylglycine between the sexes. Glycine betaine excretion is also affected by age;
neonates and children under 12 months had much higher excretion, and concentrations
gradually decreased with increased age to normal adult concentrations (Lever, Sizeland et al.
1994). Glycine betaine and N,N-dimethylglycine concentrations are affected by food intake,
non fasting glycine betaine concentration is about 7.6 uM higher then in fasting samples
(Lever, George et al. 2005). The differences between fasting and non fasting
N,N-dimethylglycine concentrations are small compared to inter-individual variation.
Discrepancies in normal ranges can be explained by the different methods used, and the
different populations studied (Table 3.1). The ranges reported particularly for
N,N-dimethylglycine, will also be affected by the sensitivity of the assay used.
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Table 3.1 Biological concentrations of glycine betaine and N,N-dimethylglycine in

plasma and urine

Population Age Glycine betaine ~ N,N-Dimethylglycine  Method Reference

Plasma (uM)

37 males 37.4y*  11-83° - HPLC (Lever, Sizeland et al.
1994)

35 females 39y 12-56° - HPLC (Lever, Sizeland et al.
1994)

33 healthy subjects ~ 69y° 23.9-42.1¢ 1.8-3.7¢ HPLC (McGregor, Dellow et
al. 2001)

29 healthy fasting ~ 59.9y  13.3-34.2° 1.1-3.4° HPLC (Lever, George et al.

subjects 2005)

182 men 60y° 25.6-46.6 © 2.4-47° LC-MS (Melse-Boonstra,
Holm et al. 2005)

126 women 60y° 24.1-44.5°¢ 2.3-45° LC-MS (Melse-Boonstra,
Holm et al. 2005)

60 blood donors 17.6-73.3° 1.42-527° GC-MS  (Allen, Stabler and
Lindenbaum 1993)

60 fasting subjects 27.0-41.1 ¢ 1.3-2.02¢ LC-MS  (Holm, Ueland et al.
2003)

90 subjects 62y° 30.3-46.8 ¢ 3.17-4.58 ¢ LC-MS  (Holm, Bleie et al.
2004)

500 subjects 50y° 9.4-949° 2.0-49°¢ LC-MS  (Holm, Ueland et al.
2005)

15 subjects 20-285° 1-5° 'HNMR  (Moolenaar, Poggi-
Bach et al. 1999)

Urine (umol/mmol creatinine)

76 healthy subjects 1.2-53.5° - HPLC (Lever, Sizeland et al.
1994)

60 blood donors 2.3-559° 1.15-12.23° GC-MS  (Allen, Stabler and
Lindenbaum 1993)

15 subjects 4-80° 1-26° 'HNMR  (Moolenaar, Poggi-

Bach et al. 1999)

? mean, b range (Mean + 2SD) © median, d interquatrile range, ° 10M-90™ percentile, t range,
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Many of the available analytical methods lack the sensitivity required to measure the low
normal N,N-dimethylglycine concentrations without pre-concentration of the sample. 'H
NMR, GC-MS, HPLC and recently LC-MS/MS have been used to determine glycine betaine
and N, N-dimethylglycine concentrations in plasma and urine, the limits of detection for these

assays are shown in Table 3.2.

Table 3.2 Limits of detection of common assays for glycine betaine and

N,N-dimethylglycine

Glycine betaine (M) N,N-Dimethylglycine (uM)  Reference
LC-MS/MS  <0.3 <0.3 (Holm, Ueland et al. 2003)
'H NMR 15 - (Lundberg, Dudman et al. 1995).
HPLC 5 2 (Laryea, Steinhagen et al. 1998)
HPLC 1.29 0.84 (Dellow 2003)

"H NMR spectroscopy was used for the rapid determination of the urinary concentrations of
N,N-dimethylglycine and glycine betaine in patients with premature vascular disease
(Lundberg, Dudman et al. 1995). The assay was rapid and required minimal sample
preparation however the limits of detection were high. The GC-MS assay developed by Allen
et al. is sensitive enough to measure low N, N-dimethylglycine concentrations, but the limits
of detection are not reported. In this assay glycine betaine must first be enzymatically
converted to N,N-dimethylglycine before it is quantified (Allen, Stabler and Lindenbaum
1993). This would make it difficult to measure the N, N-dimethylglycine/glycine betaine ratio,
requiring the assay to be run twice for each sample. This assay is labour intensive and time
consuming, which is undesirable in a high through-put clinical assay. Laryea et al. derivatised
glycine betaine and N, N-dimethylglycine with bromophenacyl bromide before separating the
derivatives by strong cation exchange HPLC (Laryea, Steinhagen et al. 1998). They claimed
this assay had adequate sensitivity to detect the basal concentrations of N, N-dimethylglycine
and glycine betaine in human plasma and urine. However the limit of detection for
N,N-dimethylglycine is above the concentrations of low normal N,N-dimethylglycine in
plasma determined by other groups. The most useful published method for the quantification
of glycine betaine and N, N-dimethylglycine in plasma uses LC-MS/MS (Holm, Ueland et al.
2003). This assay is fully automated, requires no derivatisation of analytes and is capable of
analysing 200 samples per day. The limits of detection are far superior to any other published
methods. However LC-MS/MS technology is often not readily available in a clinical

laboratory so HPLC methods have been used as cost effective alternatives.
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3.2.1 Use of HPLC to measure betaines

The HPLC assays used to measure betaines usually depend on the formation of aracyl esters
by alkylating the carboxyl group of the betaines using reagents such as 4-bromophenacyl
bromide (Laryea, Steinhagen et al. 1998; Rosenthal 2002), or triflate reagents such as those
described in chapter two. This gives cationic derivatives that can potentially be separated by
HPLC (or by CE, as discussed in chapter five). Minkler et al. separated the UV absorbing or
fluorescent esters of carnitine, butyrobetaine and betaine by reversed phase HPLC using a
gradient system (Minkler, Ingalls et al. 1984; Minkler, Ingalls and Hoppel 1987; Minkler,
Brass et al. 1995). However it was found that the omission of the ion pair reagent had little
affect on the separation and that the reversed phase columns separated by an ion-exchange
mechanism (Lever, Bason et al. 1992). This led to the development of separations on normal
phase silica and alumina columns with an isocratic system. Whilst glycine betaine could be
separated by either of these methods, neither were ideal for the separation and quantification

of N,N-dimethylglycine.

Recently an assay to measure the N,N-dimethylglycine and glycine betaine in plasma, urine
and dialysis fluid based on that of Lever ef al. (Lever, Sizeland ef al. 1994; Lever, Sizeland et
al. 1994) was optimised by Dellow (Dellow 2003). This assay uses a Merck Aluspher column
and the derivatives of N, N-dimethylglycine and glycine betaine are separated from the other
components of plasma and urine by a combination of charge (cation exchange) and
hydrophobicity. The recoveries were greater than 80% for N,N-dimethylglycine and glycine
betaine, and the limit of detection for N, N-dimethylglycine (0.84 uM) was adequate to detect
low normal concentrations. The intra and inter assay CV for this assay were 3.3% and 4.8%
respectively for glycine betaine and 5.0% and 11.8% for N, N-dimethylglycine. This assay has
adequate linearity, sensitivity and limits of detection however could be improved if sample
preparation and run times were shorter. Because the betaine derivatives are separated by an
ion exchange mechanism on the silica and alumina columns the use of a dedicated cation
exchange column was also investigated. In this chapter the affects of mobile phase
composition, buffer choice, and water content on the separations by the cation exchange and

normal phase alumina columns are described.

89





3.3 OPTIMISATION AND VALIDATION OF AN HPLC ASSAY TO MEASURE
GLYCINE BETAINE AND N,N-DIMETHYLGLYCINE IN PLASMA

3.3.1 Samples

Aqueous standard solutions of N,N-dimethylglycine, octanoylcarnitine, acetylcarnitine,
proline betaine, glycine betaine, and carnitine and creatinine were derivatised with naphthacyl
triflate in 10% methanol, 90% butan-2-one (v/v) with magnesium oxide for 5 min. Previously
the method to quantify N, N-dimethylglycine and glycine betaine required the samples to be
diluted in an appropriate solvent and dried with sodium sulfate before derivatisation (Dellow
2003). This decreases the sensitivity because of dilution, this step was found to be

unnecessary when 2-phenanthrenacyl triflate was used.

To validate the final assay, plasma was spiked with glycine betaine and N, N-dimethylglycine
by adding 25 pul of a 10 mM aqueous standard to 10 mL of plasma. This resulted in a sample
with 25 uM added glycine betaine and N,N-dimethylglycine. Six batches of the plasma
sample, and plasma with added glycine betaine and N,N-dimethylglycine were analysed to
determine between batch variation. Recoveries were calculated from comparison with
expected amounts and measured amounts of glycine betaine and N, N-dimethylglycine in the

spiked samples.

Glycine betaine and N,N-dimethylglycine was added to plasma at concentrations of 25 uM,
50 uM. These samples were prepared by making up 25 ul, and 50 pl of a 10 mM glycine
betaine and N,N-dimethylglycine aqueous stock standard in 10 mL plasma. Samples were

analysed and the linearity of the method was determined using linear regression analysis.
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3.3.2 Column choice

Several strong cation exchange columns were evaluated and show potential for use for the
separation of the betaine derivatives in a practicable assay. For full column details see
experimental section 3.5. A weak cation exchange column gave broad peaks and limited
resolution, possibly because low pH buffers were used, and this column was not further
evaluated. Separations that have been previously achieved on the silica and alumina columns
with a polar mobile phase containing an organic solvent (e.g. acetonitrile or propan-2-ol), 5 to
25% v/v water and a buffer have sharper peaks, better resolution and shorter run times than
was achieved isocratically on the strong cation exchange columns (Lever, Bason et al. 1992;
Dellow 2003; McEntyre, Lever and Storer 2004). Unfortunately, silica and alumina columns
were found to need significant equilibration time before performance was reproducible and so
it is not possible to use gradient elution systems with them. The strong cation exchange
columns quickly equilibrate, which gave more flexibility for assay design as it allowed

gradients to be used to achieve specific separations.

On both the strong cation exchange columns and normal phase columns, the uncharged
products of the derivatisation reaction were eluted as a large peak near the start of the
chromatogram, and the cationic derivatives followed as a series of peaks as shown in Figure

3.3!

! Throughout this work order of elution was determined by comparison of retention times to derivatised samples
containing only one of the above analytes and separated using the applicable HPLC conditions.
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Figure 3.3 Separation of betaine 2-naphthacyl ester derivatives by HPLC using four

different columns.

A Merck Aluspher 5:10 mM Triethylamine glycolate, 5% water/acetonitrile (v/v), B Silica 7.5:15 mM
tetramethylammonium glycolate, 5% water/acetonitrile (v/v), C Phenosphere strong cation exchange 5:10
tetramethylammonium glycolate 7.5% water/acetonitrile (v/v), D Alltech Adsorbosphere strong cation exchange
5:10 mM Triethanolamine glycolate, 5% water/acetonitrile (v/v). Detection at 249 nm. 1 creatinine, 2
octanoylcarnitine, 3 acetylcarnitine, 4 proline betaine, 5 glycine betaine, 6 carnitine. All mobile phases were
delievered at a flow rate of Imlmin. Columns were maintained at 40 °C druing analysis.

The order of elution for the betaine derivatives was octanoylcarnitine, acetylcarnitine, proline
betaine, glycine betaine and carnitine (Table 3.3). This elution order was similar for all the
columns, the major difference was the retention of creatinine. The creatinine derivative was
retained well on the alumina column and elutes among the betaine derivatives, but on the
silica column the creatinine derivative was eluted before the betaine derivatives. A similar
elution order was seen on the strong cation exchange columns, the creatinine derivative eluted
early with the Alltech column but eluted after the glycine betaine derivative with the

non-endcapped Phenosphere column. Overall the derivatives were retained longer on the
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non-end capped strong cation exchange column (Phenosphere) than on the endcapped column

(Alltech) or the normal phase columns.

Table 3.3 Choice of column

Column Octanoyl Acetyl Proline Glycine Carnitine Creatinine

carnitine carnitine betaine betaine

Retention time (minutes)

Alumina (Merck) 17.8 30.4 315 40.8 59.7 33.7
Silica (Phenosphere) 15.9 24.7 27.5 28.9 36.7 12.3
Phenosphere 26.4 49.4 51.8 76.7 >100 82.1

Strong cation exchange
Alltech 12.4 16.2 18.0 20.4 20.6 6.4

Strong cation exchange

Mobile phase contained 5 mM tetramethylammonium, 10 mM glycolic acid, 5% (v/v) water, in acetonitrile

3.3.3 Choice of organic solvent

With the strong cation exchange column more polar mobile phases (e.g. based on methanol)
were found to decrease the retention of the derivatives and broaden the peaks, but the
derivatives had better fluorescence in this mobile phase. There was a trade off between peak
sharpness (which affects resolution), and fluorescent response. The peaks were sharper and
the resolution better in methanol-based mobiles phases with silica and alumina columns.
Fluorescent response was improved in propan-2-ol but some sensitivity and resolution was
lost, as the peaks were broader. Propan-2-ol was also found to increase the backpressure in the
HPLC making for less favourable operating conditions, and shorter column life. Despite the
dramatic reduction of fluorescence of the derivatives in acetonitrile, it was used as the mobile
phase for the separation with the strong cation exchange columns, because it resulted in
sharper peaks and better resolution. The choice of mobile phase can have a large influence on
the retention of the derivatives, in particular the hydroxybetaines such as carnitine, (or serine
betaine and betonicine), chromatographed later than their unhydroxylated parent betaines in
acetonitrile, but earlier in alcohol-based solvents. The accelerated elution of hydroxybetaines

is particularly noticeable when propan-2-ol is used; methanol had less of an effect.
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3.3.4 Choice of buffer

The choice of buffer were determined by its absorbance properties. Buffers with high
absorbance in the same region as the derivatives were avoided, as this decreased sensitivity.
For example citrate (with three carboxyl groups) absorbed strongly below 250 nm and
therefore was more suitable for use with derivatising reagents with absorbance maxima above
260 nm such as 2-phenanthrenacyl triflate. Acetate buffers also had relatively high UV
absorbance. Furthermore certain buffer salts were avoided, as they were not sufficiently
soluble in organic solvents (e.g. triethanolamine gluconate or lithium glycolate in
acetonitrile). Some of the buffers, particularly triethylamine acetate, caused large fluctuations

in the baseline, increasing the noise and decreasing sensitivity.

In acetonitrile, triethylammonium was used as the cation and the anion was varied, and then
glycolate was used with various cations. The eluting buffer in all cases was made by
dissolving two moles of organic acid to each mole of base, to an initial concentration of
5:10 mM. The retention times of the derivatives on the strong cation exchange phenosphere
and the alumina columns with different mobile phases are shown in Table 3.4. Generally, the
more hydrophilic anions gave better retention and separation of the derivatives. Several of the
bases tried resulted in long retention of the derivatives and were not suitable for use at this
concentration because run times became too long, particularly with the phenosphere column.
Increasing the buffer concentration shortens the retention times for these buffer combinations.
The shortest retention of the derivatives on both the phenosphere and alumina column was
seen with triethanolamine glycolate. However particularly in the case of the alumina column,
the derivatives were not retained well enough for separation to be achieved. On the
phenosphere column the longest retention times were found to be when tetrabutylammonium
glycolate was used as the buffer, even with twice the buffer concentration (i.e. 10:20 mM)
most peaks were not seen before 100 minutes, the derivatives also elute slowly with this

buffer on the alumina column.
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Table 3.4 Choice of base

Mobile Phase Octanoyl Acetyl Proline  Glycine  Carnitine Creatinine

carnitine  carnitine betaine betaine

Retention time (minutes)

Strong cation exchange Phenosphere 250 x 4.6 mm

Trimethylamine glycolate 31.1 55.8 58.8 77.5 89.6 >100
Tetramethylammonium glycolate 26.4 49.4 51.8 76.7 82.1 >100
Triethylamine glycolate 35.7 65.0 75.0 >100 >100 >100
Triethanolamine glycolate 18.5 345 36.6 50.9 61.2 76.6
Tetrabutylammonium glycolate >100 >100 >100 >100 >100 >100
Triethylamine acetate 20.1 69.4 >100 >100 >100 >100
Triethylamine succinate 37.3 65.2 76.7 >100 >100 >100
Triethylamine gluconate 44.0 76.3 70.4 94.8 >100 >100
Alumina Merck Aluspher column 250 x 4 mm
Trimethylamine glycolate 16.6 26.2 27.5 354 49.0 50.5
Tetramethylammonium glycolate 17.8 30.4 315 40.8 59.7 33.7
Triethylamine glycolate 23.8 35.8 38.0 48.1 68.8 43.6
Triethanolamine glycolate 6.2 8.8 9.2 12.2 16.6 15.7
Tetrabutylammonium glycolate 61.7 >100 >100 >100 >100 >100
Triethylamine acetate 12.6 44.1 48.0 64.4 97.5 27.9
Triethylamine succinate 17.9 25.7 27.6 34.2 46.6 47.8
Triethylamine gluconate 29.1 48.4 53.1 74.1 >100 >100

Mobile phase consists of 5 mM base, 10 mM acid, 5% H,0, in acetonitrile.

The use of magnesium hydroxide as the base during derivatisation created some problems
with some of the buffer ion combinations. The magnesium ions in the derivatised samples can
lead to insoluble salts precipitating in the HPLC columns. For example the triethylamine
gluconate buffer in acetonitrile gave good separation initially but the pressure increased after
two or three injections. This is probably a result of insoluble magnesium gluconate forming in
the column. So while gluconate buffers gave the best separation, the poor solubility of
magnesium gluconate made this an unattractive option when used in conjunction with

magnesium hydroxide as the base for derivatisation.
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A triethylamine succinate buffer in conjunction with the alumina column separated the

derivatives well in a reasonable run time. Tetramethylammonium glycolate was used for

subsequent method development as it gave good separation without co-elution within short

run times. The buffer had appropriate absorption properties and did not form insoluble

precipitates with the reaction mixtures.

3.3.5 Buffer concentration

Without an eluting buffer the derivatives did not elute, and increasing the buffer concentration

decreased the retention time without a change to selectivity but some resolution was lost

(Table 3.5). Buffer concentrations greater than 5:10 mM used with the alumina column

caused the analytes to co-elute. On the phenosphere column buffer concentrations less than

5:10 gave very long retention times.

Table 3.5 Effect of salt concentration in mobile phase

Concentrations of cation:anion® Octanoyl  Acetyl Proline Glycine Carnitine  Creatinine
(mM) carnitine  carnitine  betaine betaine
Retention time (minutes)
Strong cation exchange Phenosphere 250 x 4.6 mm
5:10 26.4 49.4 51.8 76.7 82.1 >100
7.5:15 19.5 35.2 36.9 54.1 57.7 85.9
10:20 15.3 27.3 28.6 41.7 44.6 65.0
Alumina Merck Aluspher column 250 x 4 mm
5:10 17.8 30.4 31.5 40.8 59.7 33.7
7.5:15 14.0 21.9 22.6 29.1 40.5 21.9
10:20 11.7 17.7 18.2 234 319 18.2

*Mobile phase consists of acetonitrile, tetramethylammonium glycolate, 5% (v/v) water. Ratio i.e. 5:10 indicates
that the mobile phase is made up of 5 mM tetramethylammonium and 10 mM glycolic acid.
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3.3.6 Water content

Increasing the water content of the mobile phases decreased the retention times (Table 3.6). In
some cases at higher water content peaks were not resolved, particularly on the alumina
column where run times are shorter. Increasing the water content was advantageous as the
fluorescence yield of the derivatives was increased but there was a trade off against increased
backpressure of the HPLC system. A water content of 10% (v/v) on the Phenosphere column
reduced the run time and the derivatives were separated without high backpressures occurring.

Less water was used for the alumina column to prevent the derivatives eluting too fast.

Table 3.6 Effect of water in mobile phase

% (v/v) water Octanoyl  Acetyl Proline Glycine Carnitine  Creatinine

carnitine carnitine betaine betaine

Retention Time (minutes)

Strong cation exchange Phenosphere 250 x 4.6 mm

2.5 46.6 79.7 82.5 84.4 >100 >100
5.0 26.4 49.4 51.8 76.7 82.1 >100
7.5 18.1 344 36.6 51.7 72.6 78.5
10 19.7 37.3 423 58.5 77.4 97.8
Alumina Merck Aluspher column 250 x 4 mm

2.5 32.8 51.1 53.6 74.9 >100 >100
5.0 17.8 30.4 31.5 40.8 59.7 33.7
7.5 12.6 19.0 19.5 23.9 31.8 20.9
10 7.8 12.4 12.7 15.2 19.4 15.2

Mobile phase consists of acetonitrile, 5:10 mM tetramethylammonium glycolate
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3.3.7 Conditions used for the separation of glycine betaine and

N,N-dimethylglycine in plasma
Understanding the influence that the HPLC conditions have on the separations makes it
possible to develop a method to quantify N, N-dimethylglycine and glycine betaine in plasma.
When biological samples are analysed, many extra peaks are present especially in the early
region of the chromatogram where N,N-dimethylglycine elutes. The best separation of the
N,N-dimethylglycine and glycine betaine derivatives on the strong cation exchange column
and normal phase alumina column are shown in Figure 3.2 and the conditions used are
described in Table 3.7. The retention times are shorter and the peaks sharper using the
Phenosphere column; however, the N, N-dimethylglycine derivative is coeluting with a large
peak and can not be quantified. Separation on the alumina column takes longer and as a result
the peaks are broader. However, it is possible to quantify both N,N-dimethylglycine and

glycine betaine in plasma samples.
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Figure 3.4 HPLC traces of separation of glycine betaine and /N,NV-dimethylglycine in

plasma with Alumina and strong cation exchange Phenosphere columns

Black line aqueous standard, red line plasma sample. A strong cation exchange Phenosphere column, 7 mM
tetramethylammonium: 14 mM Glycolic acid, 10% water v/v in acetonitrile, Flow rate 1.0 mLmin"' B. Alumina
normal phases column, 1.875 mM triethylamine:5 mM Succinic acid, 3.7% water v/v acetonitrile, flow rate

1.3 mLmin™. 1. 2-Phenanthrenacyl derivative of N, N-dimethylglycine, 2. 2-Phenanthrenacyl derivative of
glycine betaine
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Table 3.7 Conditions for separation of glycine betaine and /N,N-dimethylglycine in

plasma

Column Mobile phase  Buffer Water content  Flow rate

Alumina Acetonitrile 1.875 mM triethylamine:5 mM 3.7% 1.3 mLmin™
succinic acid

Phenosphere  Acetonitrile 7 mM tetramethylammonium:14 mM  10% 1 mLmin™

glycolic acid

Previously the alumina column has been used to separate the derivatives of glycine betaine
and N, N-dimethylglycine (Dellow 2003). This method used a 3.75 mM:10 mM triethylamine
succinic acid buffer, with 9% v/v water in acetonitrile. The derivatives were separated within
60 minutes in both plasma and urine. The method used here is based on this method but to
separate the peaks some changes were made. Water and buffer content were reduced
(1.875 mM triethylamine: 5 mM succinic acid, 3.7% water v/v acetonitrile) to slow the
migration of the derivatives so that they were resolved, in order to prevent run times from
becoming undesirably long the flow rate was increased to 1.3 mlmin™. Sample preparation is

simpler so overall the analysis is quicker.

3.3.8 Linearity

Using the alumina column and the conditions described above the assay is linear over the
range of 0-50 pM. The regression analysis on plasma with glycine betaine and
N,N-dimethylglycine added found the y intercepts and R? values shown in Table 3.8. Limits
of detection for the analysis of the 2-phenanthrenacyl derivatives of glycine betaine and

N,N-dimethylglycine in plasma are 0.04 uM and 0.08 uM respectively.

Table 3.8 Linearity of the assay

Analyte Y intercept R’
Glycine betaine -0.35 0.99
N,N-Dimethylglycine 0.6 0.99
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3.3.9 Precision and accuracy study

As shown in figure 3.2B the 2-phenanthrenacyl derivatives glycine betaine and
N,N-dimethylglycine were separated from the other components of plasma on an alumina
column within a 40 minute run time. Glycine betaine has a retention time of 32.5 minutes and
N,N-dimethylglycine has a retention time of 24.5 minutes. To determine precision and
accuracy of the assay, six batches of plasma and plasma with 25 pM glycine betaine and
N,N-dimethylglycine added were analysed to determine between batch variation. As shown in
Table 3.9, the coefficient of variation was below 25 % for between batch variation. The

recoveries were calculated after HPLC analysis and are also shown in Table 3.9

Table 3.9 Results of the precision study

Mean+ S.D (uM) Between batch CV (%) Recovery (%)
Glycine betaine
Low plasma 6.4+0.51 8%
Spike (25 uM added) 304+ 6.5 21% 96 %
N,N-Dimethylglycine
Unspiked plasma 19.6 £3.04 15.5%
Spiked plasma (25 pM added) 44.7 +3.21 7.2 % 100 %
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3.4 DISCUSSION

For both the strong cation exchange and the alumina column, ion exchange is the main
separation principle. Similar selectivity was seen with both normal phase and strong cation
exchange columns, which supports the conclusion that the separation mechanisms are alike.
In both cases, the choice of organic solvent for the mobile phase has the same affects on the
selectivity, attributable to specific solvation patterns with the cationic functional groups. The
isocratic systems using normal phase columns have excellent resolution, and the
chromatography is consistent with partition between a more hydrophobic mobile phase
containing a relatively non-polar organic cation and a more hydrophilic phase associated with

the silica or alumina.

Other types of columns can also be used to separate the derivatives. An endcapped strong
cation exchange column (Alltech column) appeared to have less affinity for the hydrophilic
betaine derivatives than non-endcapped columns (e.g. phenosphere strong cation exchange)
which may be related to a mixed separation mode. Using a column (polymer reversed phase)
on which ion-exchange is not possible, the derivatives are not separated from the numerous
by-products of the derivatisation reaction, confirming that reversed phase chromatography is

not a suitable separation method.

On the alumina column the more hydrophilic betaines tend to elute later, again consistent with
the model for separation on these columns. The separation can also be adjusted by choice of
buffer anion and cation, within the general constraint of the cation being more hydrophobic
than the anion. The model is also consistent with the slow equilibration of these steady-state
systems, which precludes the use of gradients with them. Gradients can be used successfully
with strong cation exchange columns to separate specific groups of derivatives, with changes
in buffer, water content and solvent all having a place in method development. For
quantifying specific metabolites, these systems can also be optimised to need much shorter

run times than are necessary with the normal phase columns.

The method could be modified to measure other compounds of interest that are derivatised by
the triflate reagents. To achieve the separations long run times are necessary and this results in
high solvent use. However, the assay has good sensitivity and limits of detection that are
adequate to measure the normal concentrations in plasma. HPLC can be used to quantify

glycine betaine and N, N-dimethylglycine in plasma.
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3.5 EXPERIMENTAL

Reagents

Glycine betaine, N, N-dimethylglycine, octanoylcarnitine, acetylcarnitine and creatinine were
purchased from Sigma-Aldrich (St Louis, MO). Proline betaine was synthesised using the
method of Cornforth and Henry (Cornforth and Henry 1952). Unless otherwise stated, all
reagents were analytical grade and were used without further purification. The 2-naphthacyl,
and 2-phenanthrenacyl triflate derivatising reagents were synthesised as described in chapter
two. HPLC grade acetonitrile was purchased from Mallinckrodt (Paris, Kentucky). Acetone,
succinic acid, and magnesium oxide were supplied by BDH (Poole, England). HPLC grade
methanol and propan-2-ol were purchased from Merck (Darmstadt, Germany). Triethylamine,
trimethylamine-N-oxide , tetrabutylammonium, glycolic acid, and gluconic acid lactone and

butan-2-one were obtained from Sigma.

Sample preparation

The derivatisation procedure is based on the method of Ingalls et al. (Ingalls, Minkler et al.
1984). Aqueous betaine standards containing 500 uM glycine betaine, proline betaine and
carnitine, acetylcarnitine and creatinine were derivatised as follows. In a 1.5 mL
microcentrifuge tube, the samples (10 pl) were added to 250 pL of extraction solvent (10%
methanol and 90% (v/v) butan-2-one) and vortexed. Derivatising reagent (50 pl) consisting of
100 mM naphthacyl triflate in butan-2-one was added to the extracts, followed by 5 pL of
0.1 gmL MgO (aqueous). The samples were shaken for 5 minutes and centrifuged at
11600 x g, then 200 nL was transferred to HPLC vials for analysis.
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HPLC
HPLC was performed on a Shimadzu system (Kyoto, Japan) with a 100 uL sample loop, with

UV or fluorescence detection as applicable for the triflate reagent used.

A Phenosphere strong cation exchange (SCX) 250 x 4.6 mm, 80 A, 5 um, a Hamilton
Polymer Reversed phase (PRP-1) 5 pm, 150 x 4 mm column, and a Silica 250 x 4.6 mm, 80
A, 5 pm column were purchased from Phenomenex (Torrance, CA, U.S.A.). An Alltech
Adsorbosphere strong cation exchange 250 x 4.6 mm column was obtained from Alltech
(Deerfield, IL, U.S.A.). A Merck Aluspher Alumina 250 x 4 mm column was obtained from
Merck (Darmstadt, Germany). An Azahipak ODP-50, 250 x 4 mm column was obtained from
Hewlett Packard. Columns were used with a guard cartridge of the same packing and

maintained at 40°C during analysis.
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4 VALIDATION OF A 'H NMR ASSAY FOR GLYCINE BETAINE AND
N,N-DIMETHYLGLYCINE IN URINE

41 USE OF 'H NMR SPECTROSCOPY TO DETERMINE BIOLOGICAL
CONCENTRATIONS OF BETAINES

It is difficult to separate all of the metabolites in urine that are derivatised by the aracyl
triflates by HPLC. The HPLC method previously described requires run times in excess of 60
minutes and lengthy sample preparations to achieve the desired separations. Additionally,
different conditions have to be used to separate other biologically important betaines. Because
these parameters are not ideal for routine clinical use, 'H NMR spectroscopy methods to

quantify glycine betaine and N, N-dimethylglycine in urine samples have been investigated.

NMR spectroscopy has been used for the identification and quantification of a number of
metabolites in urine and plasma. In the early 1980s, 'H NMR spectroscopy established itself
as a versatile tool for the analysis of whole urine. The early work of Bales et al, and
Nicholson et al. showed that useful clinical information could be derived from whole urine
NMR analysis (Bales, Higham et al. 1984; Nicholson, Oflynn et al. 1984). More recently,
sophisticated techniques have been developed to suppress the water and protein signals which
complicated those early spectra (Van, Chmurny and Veenstra 2003). The use of NMR
spectroscopy in clinical applications is becoming more commonplace, given its unique ability

to identify and quantify multiple metabolites in a single run.

Previous workers have used NMR spectroscopy to measure betaines and related compounds.
The betaines lend themselves to detection by "H NMR spectroscopy as they have methyl
protons, which should have distinct resonances. Recently Rank ef al. used 'H and °C NMR
spectroscopy to identify trigonelline in Alectra and Striga parasites (Rank, Rasmussen et al.
2004). '"H NMR spectroscopy has been used extensively to quantify the concentrations of
trimethylamine and trimethylamine-N-oxide in the diagnosis of fish odour syndrome
(Maschke, Wahl et al. 1997; Podadera, Areas and Lanfer-Marquez 2005).
N,N-Dimethylglycine and glycine betaine have been measured by NMR spectroscopy in the
urine of patients with premature vascular disease (Lundberg, Dudman et al. 1995), and in
patients with a previously unknown inborn error of metabolism which gave elevated urine
excretion of N, N-dimethylglycine (Moolenaar, Poggi-Bach et al. 1999). The patients’ samples

measured by these groups have raised N,N-dimethylglycine concentrations that could be
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detected by the ?C NMR assay. Unfortunately the sensitivity of these assays are not adequate
to detect the normal urine concentrations of N, N-dimethylglycine. Previously there has been
some confusion because the resonances of trimethylamine-N-oxide and glycine betaine
overlapped leading to misleading reports of the concentrations present (Grasdalen, Belton et

al. 1987).

NMR assays are advantageous as the sample preparation is simpler than the existing HPLC
assay because the samples do not need to be derivatised prior to analysis. Additionally NMR
spectroscopy can be used to structurally identify unknown compounds that occur in the
sample. If the resonances of glycine betaine and trimethylamine can be separated and are
identified correctly, and the sensitivity of the assay improved so that the normal
concentrations in urine samples could be measured 'H NMR spectroscopy would offer many
advantages over HPLC including more rapid analysis. In this chapter the development and
validation of a "H NMR assay for N, N-dimethylglycine and glycine betaine concentrations in

urine in described.
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4.2 VALIDATION OF AN '"H NMR ASSAY FOR GLYCINE BETAINE AND N,N-
DIMETHYLGLYCINE

4.2.1 Methods

The positions of the "H methyl resonances of the betaines of interest were determined using
urine samples individually spiked with trigonelline, trimethylamine-N-oxide, trimethylamine,

proline betaine, creatinine, trimethylamine, glycine betaine and N, N-dimethylglycine.

As the resonance position is dependent on the pH of the solution, the samples were acidified
with hydrochloric acid to ensure that the pH was consistent between analyses. Previously the
resonance caused by trimethylamine (pK, = 4.65) in the urine of renal failure patients has
been incorrectly attributed to glycine betaine (pK, = 1.83) (Grasdalen, Belton et al. 1987). It
is essential to lower the pH of the urine to pH~1 to resolve glycine betaine and

trimethylamine, since both are likely to be present in substantial amounts in normal urine.

To make urine samples with elevated concentrations of betaines, 75 uL and 140 pL of 10 mM
aqueous standards of glycine betaine and N,N-dimethylglycine were individually added into
10 mL of urine. This resulted in a urine sample with a 75 uM glycine betaine and 140 uM
N,N-dimethylglycine spike. An unspiked urine sample with low glycine betaine and
N,N-dimethylglycine concentrations was also used in this precision study. Six batches with

four replicates of the spiked and non-spiked urine were analysed.

Standards of glycine betaine, and N, N-dimethylglycine, were prepared at concentrations from
50 - 700 uM. The standards were prepared by serial dilution of a 10 mM aqueous stock
standard. Samples were analysed and the linearity of the method was determined using linear

regression analysis over six data points.
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4.3 RESULTS

Acetonitrile was used as an internal standard as its resonance is removed from the region of
the spectra that is of interest. The internal standard at a known concentration is used to
normalise the peak integrals so that the betaines can be quantified. A typical spiked spectrum

is shown in Figure 4.1 and the shifts of the betaines analysed are shown in Table 4.1.

Proline betaine Creatinine
N
. .0 N+ N
Trigonelline / 0 N\
= 0 Glycine betaine ¢
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~ | -
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3.6 3.2 '
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Figure 4.1 '"H NMR spectra of spiked (300 pM) urine
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Table 4.1 Chemical shifts of the metabolites analysed

Analyte Chemical Shift (ppm)
Trigonelline 4.30
Trimethylamine-N-oxide 3.37

Proline betaine 2.99

Glycine betaine 3.19
N,N-dimethylglycine 2.82

Trimethylamine 2.73,2.72

Creatinine 2.97

Acetonitrile 1.89

At the low pH used for analysis, the trimethylamine peak was split into a doublet with
coupling observed to the ammonium proton (Leyden and Morgan 1969), however the methyl
resonances were sufficiently removed from other metabolites for integration of both peaks to

be possible.

4.3.1 Precision study

Six batches with four replicates of the spiked and non-spiked urine were analysed and the
coefficient of variation was below 10% for within batch and between batch variation when

calculated from the internal standard calibrated data (Table 4.2)

4.3.2 Accuracy
Recoveries were calculated from comparison of spiked and unspiked samples of betaines.
Recoveries were over 98% for glycine betaine and N, N-dimethylglycine in urine. The
recovery values given in Table 4.2 show that glycine betaine and N, N-dimethylglycine can be

measured accurately.

Table 4.2 Results of precision study of glycine betaine and /V,/V-dimethylglycine in urine

Analyte Mean+ S.D  Within batch CV Between batch CV  Recoveries %
(uM)
Glycine betaine Low urine 63.1+6.1 5.8 6.2
Spike (75 uM 138 +£9.0 4.5 3.0 100
added)
N,N-Dimethylglycine Low urine 60.5+2.5 6.0 5.7
Spike (140 uM = 197 £6.2 4.1 3.1 98
added)
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4.3.3 Linearity

The assay is linear over the range of 50 uM - 1000 uM. for glycine betaine, and 50 uM —
700 uM for N,N-dimethylglycine. Standard curves for these metabolites are shown in Figure
4.2. Limit of detection for glycine betaine and N, N-dimethylglycine were 15 uM and 20 pM
respectively. Whilst this analytical range is adequate to determine the normal concentrations
of glycine betaine in urine, the assay is not sensitivity enough to detect the normal
concentrations of N, N-dimethylglycine. The sensitivity is adequate to measure the raised
N,N-dimethylglycine concentrations anticipated in the urine of folate deficient patients and

those with renal disease.
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Figure 4.2 Standard curves for N,N-dimethylglycine and glycine betaine measured by

'"H NMR Spectroscopy.
m Glycine betaine R=0.99, A N,N-Dimethylglycine R=0.99
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4.4 DISCUSSION

Measurement of N,N-dimethylglycine and glycine betaine by 'H NMR spectroscopy is a
quick, simple, non-destructive and effective quantitative method, involving minimal sample
preparation and the capacity to analyse many samples in a short time (2-3 minutes per
sample). As well as N, N-dimethylglycine and glycine betaine the method could be adapted to
measure other methylated substances, including other biologically important betaines (Lee,
Storer et al. 2006). "H NMR spectroscopy has been used in this laboratory to quantify the
changes in N,N-dimethylglycine excretion in a N,N-dimethylglycine supplementation study
(Slow, McGregor et al. 2004) and to measure several betaine metabolites in urine of animals
(Slow, Lever et al. 2004). This technique was useful to simultaneously measure glycine
betaine and N, N-dimethylglycine. The "H NMR assay has only been applied to urine samples
because the presence of proteins in plasma makes the magnetic field of the sample
inhomogeneous and disrupts the baseline. Preliminary work suggests it may be possible to
develop a method for the measurement of plasma betaine concentrations using the Carr-

Purcill-Meiboom-Gill sequence (Carr and Purcell 1954; Meiboom and Gill 1958).

Although this assay is precise and accurate, it lacks the sensitivity to measure the low normal
concentrations of N, N-dimethylglycine in urine in this present form, however the sensitivity
could be improved. An increased number of transients performed by the NMR instrument
would increase the strength of the signal so the signal to noise ratio would improve. This will
increase the time taken to accumulate the spectra so run times would increase, but this is still
a useful method to improve the sensitivity to detect metabolites at lower concentrations.
Currently the samples are diluted with the acid to ensure consistent pH, using a more
concentrated acid could reduce this dilution factor. Unfortunately by adding very concentrated
acid (i.e. using acid more concentrated than the 1 M currently used) the electrical properties of
the solution are changed. This leads to disruptions to the spectra and the compounds can no
longer be quantified. An alternative would be to concentrate the samples by evaporating the
water and re-dissolving in a smaller volume. However, this will also concentrate the other
components in urine and may disrupt the baseline. Pre-concentration can also lead to
unpredictable concentration and introduce more errors. In other methods, the water is often
evaporated, and replaced with deuterium oxide (Maschke, Wahl et al. 1997); however, in the
method presented in this chapter the water signal is suppressed without this time-consuming

step.
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Analysis by "H NMR spectroscopy requires no derivatisation of the sample. To be analysed
by HPLC the betaines must first be derivatised, and once analysed the sample can not be
recovered. Only compounds that have available functional groups that can be derivatised by
the triflate reagent can be quantified by the HPLC method presented in chapter three. The
HPLC assay also requires the custom synthesis of the triflate reagents used for the
derivatisation. A benefit of NMR spectroscopy is that when an unknown metabolite occurs in
a urine sample the NMR spectrum can provide substantial information about its nature. If
required, 2D NMR spectroscopy can also be run on the sample with no further preparation
required and structural information can be gathered. NMR spectrometers are not yet common
in clinical laboratories and the cost of this equipment is substantial, so HPLC instruments are
more often used for routine analysis. The HPLC assay requires substantially less sample
(20 pL) than the NMR assay, which is beneficial of the analysis of plasma samples where the

volume may be limited.

The NMR assay is advantageous as it is more straightforward than the HPLC assay, however
the low sensitivity, application only to urine and cost of the instrumentation limits the
application of this technique as a routine clinical test. It is useful for the analysis of study
samples where unknown compounds may occur and can be identified using NMR
spectroscopy more easily than by HPLC. Although the HPLC can be expensive to operate, as
a result of high solvent usage, the initial outlay is low compared to purchasing a NMR
spectrometer, the required sample volume is low, and the assay is sensitive and robust. The
measurement of betaines by combinations of chromatographic procedures with UV,
fluorescence or mass-spectroscopic detection is common but 'H NMR spectroscopy is a rapid

non-destructive alternative.
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4.5 EXPERIMENTAL

Reagents

Glycine betaine, trigonelline, N, N-dimethylglycine, trimethylamine, trimethylamine-N-oxide,
creatinine, acetonitrile, deuterium oxide and hydrochloric acid were purchased from Sigma-
Aldrich (St Louis, MO). Proline betaine was synthesised using the method of Cornforth and
Henry (Cornforth and Henry 1952). Unless otherwise stated, all reagents were analytical

grade and were used without further purification.

Sample preparation
400 pL of urine (from normal pooled samples) was added to 100 puL of hydrochloric acid (1

M) solution containing acetonitrile at as an internal standard (25 mM).

"H NMR spectroscopy
All "TH NMR spectra were recorded on a Varian INOVA 500 instrument, at 23 °C in 5 mm
NMR tubes with a 3 mm D,0 lock insert.

For the measurements, a 90° radiofrequency pulse, with duration of 8.1 us was used. The
delay between pulses was 5 seconds, acquisition time was 1.982 seconds. Eight transients
were recorded for each sample, with 30272 data points for each transient. Sweep width was
set to 8000 Hz. Water suppression was achieved using a presaturating irradiation on the water
resonance of three seconds during the relaxation delay period. All spectra were zero filled to
128k points, and then Fourier transformed. Phasing and baseline corrections were completed
manually. The software used for these procedures was VNMR version 6.1C (Varian), which
also provides a signal to noise calculation facility for the determination of the limits of

detection.
Quantification of the metabolites was achieved using an internal standard of acetonitrile

(5§ mM). Peak integrals were measured after baseline and drift correction and then expressed

as a ratio to the acetonitrile integral.

116





4.6 REFERENCES FOR CHAPTER FOUR

Bales, J. R., D. P. Higham, I. Howe, J. K. Nicholson and P. J. Sadler (1984). "Use of High-Resolution Proton
Nuclear Magnetic-Resonance Spectroscopy for Rapid Multi-Component Analysis of Urine." Clinical
Chemistry 30: 426-432.

Carr, H. Y. and E. M. Purcell (1954). "Effects of Diffusion on Free Precession in Nuclear Magnetic Resonance
Experiments." Physical Review 94: 630-638.

Cornforth, J. W. and A. J. Henry (1952). "The Isolation of L-Stachydrine from the Fruit of Capparis
Tomentosa." Journal of the Chemical Society. Perkin Transactions 1 1: 601-602.

Grasdalen, H., P. S. Belton, J. S. Pryor and G. T. Rich (1987). "Quantitative Proton Magnetic-Resonance of
Plasma from Uremic Patients During Dialysis." Magnetic Resonance in Chemistry 25: 811-816.

Lee, M. B., M. K. Storer, J. W. Blunt and M. Lever (2006). "Validation of 1h Nmr Spectroscopy as an
Analytical Tool for Methylamine Metabolites in Urine." Clinica Chimica Acta 365: 264-269.

Leyden, D. E. and W. R. Morgan (1969). "Kinetics of Proton Exchange of Trimethylammonium Ion by Nmr - a
Laboratory Experiment." Journal of Chemical Education 46: 169.

Lundberg, P., N. P. B. Dudman, P. W. Kuchel and D. E. L. Wilcken (1995). ""h Nmr Determination of Urinary
Betaine in Patients with Premature Vascular Disease and Mild Homocysteinemia." Clinical Chemistry
41: 275-283.

Maschke, S., W. Wahl, N. Azaroual, O. Boulet, V. Crunelle, M. Imbenotte, M. Foulard, G. Vermeersch and M.
Lhermitte (1997). ""H NMR Analysis of Trimethylamine in Urine for the Diagnosis of Fish-Odour
Syndrome." Clinica Chimica Acta 263: 139-146.

Meiboom, S. and D. Gill (1958). "Modified Spin-Echo Method for Measuring Nuclear Relaxation Times."
Review of Scientific Instruments 29: 688-691.

Moolenaar, S. H., J. Poggi-Bach, U. F. H. Engelke, J. M. B. Corstiaensen, A. Heerschap, J. G. N. De Jong, B. A.
Binzak, J. Vockley and R. A. Wevers (1999). "Defect in Dimethylgycine Dehydrogenase, a New Inborn
Error of Metabolism: Nmr Spectroscopy Study." Clinical Chemistry 45: 459-464.

Nicholson, J. K., M. P. Oflynn, P. J. Sadler, A. F. Macleod, S. M. Juul and P. H. Sonksen (1984). "Proton-
Nuclear-Magnetic-Resonance Studies of Serum, Plasma and Urine from Fasting Normal and Diabetic
Subjects." Biochemical Journal 217: 365-375.

Podadera, P., J. A. G. Areas and U. M. Lanfer-Marquez (2005). "Diagnosis of Suspected Trimethylaminuria by
Nmr Spectroscopy." Clinica Chimica Acta 351: 149-154.

Rank, C., L. S. Rasmussen, S. Pierce, M. C. Press and J. D. Scholes (2004). "Cytotoxic Constituents of Alectra
and Striga Species." Weed Research 44: 265-270.

Slow, S., M. Lever, M. B. Lee, P. M. George and S. T. Chambers (2004). "Betaine Analogues Alter
Homocysteine Metabolism in Rats." International Journal of Biochemistry and Cell Biology 36: 870-
880.

Slow, S., D. O. McGregor, M. Lever, M. B. Lee, P. M. George and S. T. Chambers (2004). "Dimethylglycine
Supplementation Does Not Affect Plasma Homocysteine Concentrations in Pre-Dialysis Chronic Renal
Failure Patients." Clinical Biochemistry 37: 974-976.

Van, Q. N., G. N. Chmurny and T. D. Veenstra (2003). "The Depletion of Protein Signals in Metabonomics
Analysis with the Wet-Cpmg Pulse Sequence." Biochemical and Biophysical Research
Communications 301: 952-959.

117






CHAPTER FIVE

DEVELOPMENT OF CAPILLARY ELECTROPHORESIS ASSAYS FOR
BETAINES, AND THIAMINE SPECIES IN BIOLOGICAL SAMPLES





5 DEVELOPMENT OF CAPILLARY ELECTROPHORESIS ASSAYS FOR
BETAINES, AND THIAMINE SPECIES IN BIOLOGICAL SAMPLES

5.1 INTRODUCTION TO CAPILLARY ELECTROPHORESIS

Capillary electrophoresis (CE) is a powerful separation technique that has been used to
separate compounds in food, pharmaceutical preparations, and biological fluids. With the
recent advances in this technology it is possible to separate chemically similar compounds,
i.e. those of similar size and the same charge, as effectively as compounds of different charges
and larger size differences (Petersen, Okorodudu et al. 2003). CE is potentially a useful
technique in the clinical laboratory because it provides rapid analysis of samples at a lower
cost than HPLC techniques, because CE assays have shorter analysis times and lower solvent
use. In this chapter, the development of two CE methods is described. The first method was
developed to separate the aracyl derivatives of several betaines and related compounds in
plasma or urine. The use of CE was investigated as an alternative to the HPLC method

described in chapter three.

The second method described was developed to separate thiamine and its phosphate esters in
red blood cell lystate. The analytes were converted to the fluorescent thiochrome derivatives
so the derivative of thiamine was neutral and the derivatives of the phosphate esters remained
anionic. Because the analytes carry different charges they were easily separated from each
other, however the neutral thiamine derivative migrated at the same speed as the electro-
osmotic flow'. The mobility of the thiamine derivative was altered to prevent comigration
with the electro-osmotic flow. This was achieved without slowing the mobility of the anionic

derivatives so that migration times are miminised.

The biggest challenge in the development of both these methods was the limited sensitivity of
CE techniques. The presence of other compounds in the biological sample, the low
concentrations of the analytes, and the lower sensitivity of CE methods when compared to

HPLC combine to make the development of a clinically useful method challenging.

" The electro-osmotic flow is the bulk flow of the liquid in the capillary and is a result of the surface charge on
the inside of the capillary.
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Capillary electrophoresis dates back to 1981 when peptides were separated using glass
capillaries (Jorgenson and Lukacs 1981). Since then several branches of this separation
science have been developed. Figure 5.1 shows a simple schematic of a CE instrument. After
the sample has been loaded the buffer vial is replaced and a voltage is applied across the
capillary. The components of the sample migrate at a rate determined by the charge to mass

ratio (Perrett 1999).

Power supply
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Figure 5.1 Schematic of CE

To load the sample the capillary is moved into the sample vial, then returned to the background electrolyte vial
to run the assay. Modified from Perrett (Perrett 1999).

The simplest CE technique is capillary zone electrophoresis which uses a capillary filled with
a background electrolyte, usually a low viscosity buffer (Petersen, Okorodudu et al. 2003).
This technique is useful for the separation of inorganic anions and cations, which would

normally be separated by ion exchange chromatography.

5.1.1 Detection methods used in capillary electrophoresis assays

The detection methods used in CE methods are the same as those available for other
separation methods. However, the sensitivity is usually lower for CE. The biggest limitation
to sensitivity is the small diameter of the capillary, and hence the small light path that is
available for detection (Perrett 1999). The light path is about 200 times smaller than that of
the HPLC (typically 1 cm).

Fluorescence detection has also been used in CE, but again the size of the capillary introduces
problems, in this case it is difficult to focus the fluorescent beam on the narrow capillary. A
monochromatic laser source is more practical for CE because a tunable light source is difficult
to focus on the capillary. Laser induced fluorescence is extremely sensitive but detectors are
more expensive and the excitation wavelength is fixed by the laser output, which limits its
versatility (Perrett 1999). Despite these disadvantages, fluorescence is more sensitive than UV

detection, providing the analyte is fluorescent or can be derivatised with a fluorescent tag.
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5.1.2 Capillary specifications

Most of the commercially available capillaries are made from fused silica, which has
ionizable silanol groups. The degree of ionisation is controlled by the pH of the background
electrolyte. The negative silanol groups attract positive ions from the buffer to form a double
layer. When the voltage is applied the cations migrate toward the cathode and carry water
with them. This net flow of the buffer toward the negative electrode is termed the
electro-osmotic flow. At high pH the silanol groups deprotonate, which result in a more rapid

electro-osmotic flow.

5.1.3 Calculating analyte mobility

The mobility (cm”*V™'s™) of an analyte is its electrophoretic velocity (cms™) in electric field
strength (Vem™) and is proportional to the charge to size ratio. The apparent solute mobility

of an analyte can be calculated from CE experiments using Equation 5.1.

1 L

“e= g

Equation 5.1 Apparent mobility
L, is apparent mobility, t is migration time, E is the electric field, 1 is length to detector, L is total length of the
capillary, V is voltage.

The electrophoretic mobility of the analyte (or effective mobility) can be calculated by
subtracting the electro-osmotic flow mobility from the apparent mobility (Equation 5.2). The
mobility of the electro-osmotic flow can be determined experimentally using a neutral marker
such as mesityl oxide, dimethylsulfoxide or acetone. The running conditions that can be
altered to change the electro-osmotic flow so that the migration of the analytes is changed and

separations achieved are described in the following sections.

l[l = l[la - l[leof
Equation 5.2 Total mobility

L is analyte mobility, y, is total mobility, and L, is electro-osmotic flow mobility
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5.1.4 Selection of running voltage

Increasing the running voltage will change the field strength, which can improve the
efficiency, and the resolution of a CE separation. The corresponding increase in the current
will increase electro-osmotic flow, which will decrease the migration time of the analytes
(Heiger 2000). High running voltages also increase Joule heating”. The amount of heat
produced depends on the voltage and the current and is determine by the capillary dimensions,
and the conductivity of the buffer. Joule heating creates a temperature gradient across the
capillary, which changes the viscosity of the buffer. The buffer will have a lower viscosity at
the higher temperatures found in the middle of the capillary and this will cause zone
broadening and a decrease in precision. The voltage used for a separation must balance the
positive affects of decreased migration times against the consequences of Joule heating

(Perrett 1999).

5.1.5 Background electrolyte choice

Any changes to the running conditions such as pH, during analysis of a batch of samples, will
cause the electro-osmotic flow and migration times to change, so reproducibility will be poor.
Even injecting the sample onto the capillary can change the pH, so to minimise these changes
a buffer is used as the background electrolyte. Ideally the buffer must meet the following
criteria: good buffering capacity at the pH of choice; low absorbance at the detection
wavelength; and low mobility to decrease current generation (Heiger 2000). The most
common background electrolytes, for initial assay development, include borate, citrate and
phosphate. However citrate buffers have considerable absorbance below 250 nm causing high
background absorbance. Buffers are most effective at a pH two units either side of their pK,
and some buffers, including citrate and phosphate, have more than one pK, so can be used at

more than one pH range.

The electro-osmotic flow is controlled to allow analytes time to separate and modified to
change the selectivity of the system (Heiger 2000). Control of the electro-osmotic flow
requires alteration of the capillary surface charge or buffer viscosity, both of which are most
easily achieved by changing the pH. At high pH (and greater electro-osmotic flow) the order
of elution is cations, neutrals and anions, but under these conditions there is little separation of
neutrals. At lower pH and a lower electro-osmotic flow, cations and anions may migrate in

opposite directions and because the walls of the capillary will be negatively charged
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interactions with the cationic analytes may occur. At high pH the migration may be too quick.
Adjusting the concentration and ionic strength of the background electrolyte can also change
the electro-osmotic flow, but high buffer concentration and ionic strengths will increase the

amount of Joule heating.

5.1.6 Capillary coatings

As mentioned previously, the electro-osmotic flow is modified to increase the length of the
separation window so that the analytes can be resolved. Aside from changes to the pH of the
background electrolyte, the electro-osmotic flow can also be altered by modifying the
capillary wall, usually by chemically applying a coating. Coatings can be used which
decrease, increase or reverse the surface charge and therefore change the electro-osmotic flow
(Wang and Dubin 1999; Zakaria, Macka and Haddad 2002; Zakaria, Macka and Haddad
2002).

5.1.7 The use of additives

The selectivity of the separation can be changed by using additives in the background
electrolyte (StClaire 1996). Common additives include surfactants, chiral selectors, organic
modifiers, cyclodextrins and metal ions, which have been used to alter the electrophoretic
mobility of analytes to achieve the desired selectivity and separation (Zakaria, Macka and
Haddad 2002; Zakaria, Macka and Haddad 2002). At concentrations below their critical
micelle concentration, surfactants can be used as solubilising agents, ion pairing reagents, or

wall modifiers.

% The heat generated by moving electric current is called Joule heating
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5.1.8 Micellar electrokinetic chromatography

Some analytes can not be separated by capillary zone electrophoresis techniques, so other CE
methods have been developed. Micellar electrokinetic chromatography was introduced by
Terabe in 1984 (Terabe, Otsuka et al. 1984) and is used for the separation of uncharged
molecules (Figure 5.2).

Neutral analyte Anionic micelle
e — %75 - S~— \— ) — —— — — ——
. L]
+ O 437 & L
EOF Silica Capillary Wall
<4————  Micelle mobility

—» EOF
e Overall micelle migration

Figure 5.2 Micellar electrokinetic chromatography

Micellar electrokinetic chromatography is analogous to reversed phase liquid
chromatography. In micellar electrokinetic chromatography a surfactant is added to the
background electrolyte at a concentration greater than its critical micelle concentration®. The
surfactant spontaneously forms micelles, which make up the pseudo-stationary phase, and
introduces an ion exchange component to the separation. In aqueous solutions, micelles form
with the hydrophobic tails pointing inwards and the hydrophilic heads pointing outwards.
Surfactants can be cationic (e.g. cetyltrimethylammonium bromide), anionic (e.g. sodium
dodecyl sulfate), zwitterionic, (e.g. 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane
sulfonate or nonionic (e.g. Triton X-100). Cationic micelles will migrate towards the anode
and anionic micelles toward the cathode. Regardless of the charge on the micelles, net
migration will be in the same direction as the electro-osmotic flow, because the mobility of

the electro-osmotic flow is greater than the micelle mobility.

3 Critical Micelle Concentration is the concentration of molecules in free solution in equilibrium with molecules
in aggregated form.
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In micellar electrokinetic chromatography systems, the migration of the analyte is influenced
by its electrophoretic mobility and the chromatographic properties (Fritz, Breadmore et al.
2002). The analytes associate with micelles depending on their hydrophobicity. The
partitioning of the analytes in the micelles allows neutral and charged analytes to be
separated. When a compound is associated with a micelle its migration is determined by the
mobility of the micelle. The greater the analytes’ affinity for the micelle the slower its
migration. Normally an uncharged compound in the bulk phase moves in the same direction
and at the same speed as the electro-osmotic flow, but if the compound has affinity for the
micelle its migration will be changed. Strong hydrophobic interaction and electrophoretic
migration can affect the elution order, but in general the order of elution in micellar

electrokinetic chromatography is anions, neutral, cations.

Capillary electrophoresis assays have found application in some laboratories, but the
applications in clinical laboratories has been more limited than originally anticipated.
Capillary electrophoresis has been a rapidly developing field with numerous groups devoting
extensive time and resources to developing methods for particular compounds. Most of the
betaine assay development was done in conjunction with one of these groups: the Australian
Centre for Research on Separation Science, University of Tasmania and their knowledge and

advice was invaluable.
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5.2 PREVIOUS USE OF CAPILLARY ELECTROPHORESIS FOR THE
SEPARATION OF BETAINES

Capillary electrophoretic separations have been wused to quantify trimethylamine,
dimethylsulfoniopropionate, glycine betaine, and carnitine and its acyl esters. There are CE
methods that quantify relevant betaines for specific purposes, unfortunately none of the
currently available methods can separate the range of betaines that have previously been

quantified by other separation techniques, such as the HPLC assay described in chapter three.

Zhang et al. made slight modifications to the method of Nishimura ef al. to separate the
bromophenacyl esters of glycine betaine, trigonelline, proline betaine, y-butyro betaine and
carnitine in plant extracts, but only quantified glycine betaine (Nishimura, Zhang et al. 2001;
Zhang, Nishimura et al. 2002). This method used a potassium phosphate buffer (pH 3) with
4% polyethyleneglycol to resolve the B-alanine betaine from the proline betaine. The pH was
selected to separate the positively charged phenacyl esters from the negative and neutral
compound. Very little sample preparation was required, and the derivatised samples were
injected directly into the CE. This assay lacks the sensitivity required to measure the
biological concentrations of the betaines as the limit of detection for glycine betaine was

10 uM.

Several groups have used CE to measure carnitine and its acyl esters up to palmitoylcarnitine
in urine (Kiessig and Vogt 1997; Kiessig, Vogt and Werner 1997; Vernez, Thormann and
Krahenbuhl 2000). Kiessig et al. also used CE with laser induced fluorescence detection to
detect low carnitine concentrations in other acyl carnitine standards (Kiessig, Vogt and
Werner 1997). These assays use a phosphate background electrolyte with a high methanol
content and sodium dodecyl sulfate to achieve the desired separation. The samples are
derivatised with 9-anthryldiazomethane and the assay is able to detect the physiological
concentrations in plasma samples (10 uM for carnitine). More recently Vernez et al. have
quantified the bromophenacyl esters of carnitine and five acyl carnitines in urine using a
phosphate background electrolyte with sodium dodecyl sulfate to slow the migration of the
analytes so that separations could be achieved (Vernez, Thormann and Krahenbuhl 2000).
The assay was linear from 5 —100 pM and the limit of detection for carnitine and
acetylcarnitine was 3 pM. This is adequate for detection of biological concentrations,

however this assay had poor reproducibility at low concentrations.
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None of the methods described above are adequate for the purposes of this laboratory, where
rapid analysis of a range of biological betaines is desired. Described in this chapter are the
attempts to develop a capillary zone electrophoresis method to separate the 2-naphthacyl
esters of five biologically important betaines, glycine betaine, carnitine, N, N-dimethylglycine,
acetylcarnitine, and octanoylcarnitine. The betaine derivatives are hydrophobic quaternary
ammonium cations, which all have the same charge so separation can only be achieved by

taking advantage of differences in mobility that result from slight differences in size and

solvation.
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5.3 SEPARATION OF BETAINES USING CAPILLARY ELECTROPHORESIS

5.3.1 Samples

Aqueous standards of glycine betaine, carnitine, N,N-dimethylglycine, acetylcarnitine, and
octanoylcarnitine (100 uM) were derivatised with 2-naphthacyl triflate in acetonitrile as
previously described in chapter two, but then dried down under nitrogen, reconstituted in
methanol and injected directly into the CE. Analytes were detected by UV at 249 nm. The
sensitivity of the assay was improved if the betaines had been derivatisation with the
2 -phenanthrenacyl triflate reagent and then detected by fluorescence. However for early
method development, 2-naphthacyl triflate gave adequate sensitivity and was readily
available. Throughout the separations, regardless of the background electrolyte used, the
N,N-dimethylglycine peak was small in comparison to the other peaks. This is a consequence
of the slightly different structure of the N, N-dimethylglycine derivative (di-derivative) and
drying down the sample, this was avoidable as it was only necessary to dry the samples down
for transport purposes and would not be a part of the routine method. During these separations
a large peak that was made up of the uncharged components of the sample and excess

derivatising reagents represents the front of the electro-osmotic flow.
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5.3.2 Selection of coating for the capillary

Figure 5.3 shows the photodiode array spectra prior to, during, and after the neutral peak
using an uncoated capillary and an anionic electro-osmotic flow. The glycine betaine analyte
migrated before the neutral peak and could be clearly seen, but the photodiode array spectra
after the neutral peak resembled the derivative spectra (Amax =249 nm). This shows that
derivatised material was still being eluted; however, no distinct peaks were visible. This high
background absorbance made it difficult to detect the compounds after the neutral peak. To
get the best sensitivity the analytes must migrate before the neutral peak, i.e. faster than the
electro-osmotic flow. This limited the available separation window and also the modifications
that could be made to the analytes’ mobility, if a peak was slowed down to the point that it

migrates with or after the neutral derivatives it was lost in the large peak.

¢ 13mAU

Figure 5.3 UV spectra
Insert CE trace, conditions: 20 mM Citrate buffer pH 2.6, uncoated capillary, voltage 15 kV, current 9 pA
1 glycine betaine, 2 baseline before electro-osmotic flow, 3 baseline after electro-osmotic flow
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The uncoated capillary failed to separate glycine betaine and carnitine because the mobilities
of these analytes were too similar (Figure 5.4C). Capillary coatings were used in an attempt to
extend the separation window so that the analytes had more time to separate before the neutral
peak. The double coated capillary was prepared by the method of Zakaria et al, by coating
first with poly(diallydimethylammonium chloride) then with dextran sulfate, this resulted in a
capillary with a pH independent anionic electro-osmotic flow (Zakaria, Macka and Haddad
2002). This means that the pH of the background electrolyte could be changed without
affecting the electro-osmotic flow and as the capillary coating was neutral it did not interact
with the charged analytes. The electro-osmotic flow with this capillary was in the same
direction as the uncoated capillary so analytes migrated faster than the electro-osmotic flow.
Migration times were long, which gave analytes more time to separate but some resolution

was also lost as a result of peak broadening (Figure 5.4B).
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Figure 5.4 Effect of changing the capillary coating

Conditions 20 mM Citrate buffer, pH 3, voltage 15 kV, 1 glycine betaine, 2 Carnitine, A
poly(diallydimethylammonium chloride) coated, Phytic acid 1 mM, Current 30pnA, B No additive double coated
capillary, Current 9uA, C No coating, Current 9pA.

As shown in Figure 5.4A, a poly(diallydimethylammonium chloride) coated capillary with the
addition of phytic acid to the background electrolyte which resulted in an anionic pH
dependent electro-osmotic flow gave good resolution of the peaks. The electro-osmotic flow
in this case was more stable than that of an uncoated capillary. The phytic acid increased the
anionic strength of the background electrolyte so higher currents were generated, however,
the increase in current with the large polyionic phytic acid was less than for small molecules
with similar charge (Veraart, Schouten et al. 1997). The higher currents that were generated

made the analyte peaks sharper. This was because of the increased current, increased stacking
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and limited adsorption of the analytes on the wall of the capillary. Unfortunately, the electro-
osmotic flow was also increased, which gave the peaks less time to separate before the neutral
peak (Figure 5.4A). The actual migration times of the analytes were similar to when no
coating was used, but the peaks were better resolved. After several runs with phytic acid in
the background electrolyte, it could be removed with no loss of selectivity. This suggested
that phytic acid coats the interior of the capillary, but to give the best reproducibility a

constant concentration was maintained in the background electrolyte.

OP(OH), OP(OH),

(HO),PO OP(OH),
0 0
| |
(HO),PO OP(OH),

Figure 5.5 Structure of phytic acid *
* (Veraart, Schouten et al. 1997)

5.3.3 Choice of buffer type and pH

The pH of a system is determined by the pK, of the buffer used in the background electrolyte.
Changing the pH modified the electro-osmotic flow, which changed the mobility of the
analytes, without changing the selectivity of the CE system (Heiger 2000). At lower pH, the
electro-osmotic flow was slower and the analytes had more room to separate before the large
neutral peak. To investigate the effects of pH and buffer choice, different buffer systems were

used: citrate (pH 3, 5, 7.3), phosphate (pH 1.9) and tris (pH 7.3).
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The separation window was larger when the pH was low, so the analytes had more time to
separate. There was no change of selectivity noticed with the different pH, at pH 5 the glycine
betaine and carnitine migrated closer to each other than at a lower pH. (Figure 5.6). One
advantage of having a slightly higher pH was that there was less evidence of the underivatised

material and the current was more stable.
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Figure 5.6 Effect of changing the pH
CE Conditions: 20 mM Citrate buffer, | mM phytic acid 1.Glycine betaine, 2 Carnitine, 5 N, N-dimethylglycine,
A pH 5, voltage 15 kV, current 22.5 pA B pH 3, voltage 15 kV, current 18 A
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The separation achieved with tris buffer (pK, = 8.3) and citrate at similar pH were compared.
Very different mobilities were observed (Figure 5.7), however, selectivity was not altered.
The electro-osmotic flow was increased with the tris buffer, and this caused the peaks to
migrate faster. With this background electrolyte, there was poor separation of carnitine and its
acyl esters, however the mobility of N, N-dimethylglycine was slowed and the peak was seen
before the neutrals peak (Figure 5.7A). The mobility of N,N-dimethylglycine in citrate was
such that it migrated at the same rate as the electro-osmotic flow, this made citrate based
background electrolytes unsuitable for the quantification of N,N-dimethylglycine (Figure
5.7B).
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Figure 5.7 Effect of change of buffer

CE Conditions: 1 mM phytic acid, 1 Glycine betaine, 2 Carnitine, 3 Acetylcarnitine, 4 Octanoylcarnitine, 5
N,N-dimethylglycine A 20 mM Tris pH 7.2, voltage 30 kV, current 25 pA. B 20 mM Citrate pH 7.3, voltage 30
kV, current 32 pA

5.3.4 Use of cyclodextrins

The chemical and size similarities of carnitine and acylcarnitine gave rise to similar
mobilities, which made them difficult of separate with CE. A change of buffer or pH did not
adequately separate these compounds, so the affects of B-cyclodextrins were investigated. The
addition of B-cyclodextrins to the background electrolyte changes the mobilities of the
analytes (Muzikar, Havel and Macka 2002; Zakaria, Macka and Haddad 2002). There was no
benefit to separation using a double anionic B-cyclodextrin polymer, soluble anionic [3-

cyclodextrin polymer, or soluble B-cyclodextrin (neutral) polymer at different concentrations.
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The addition of a sulfated B-cyclodextrin to the citrate background electrolyte increased the
mobility of N,N-dimethylglycine enough for it to migrate between the glycine betaine and
carnitine peaks. This B-cyclodextrin also changed the mobilities of glycine betaine, carnitine
and acetylcarnitine. The mobilities of carnitine and acetylcarnitine were differently affected
by this B-cyclodextrin so separation was be improved using different concentrations of the

B-cyclodextrin.
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Figure 5.8 Effect of neutral cyclodextrin

CE Conditions 20 mM Tris pH 8, 1 mM phytic acid, 1 Glycine betaine, 2 Carnitine, 3 Acetylcarnitine,
4 Octanoylcarnitine, 5 N, N-dimethylglycine A No cyclodextrin, voltage 30 kV, current 23 pA B 2 mM
cyclodextrin, voltage 30 kV, current 21 pA C 5 mM cyclodextrin, voltage 15 kV, current 20 pA

The addition of the neutral B-cyclodextrin to the background electrolyte had a large effect on
the migration of glycine betaine (Figure 5.8), slowing its mobility so that it co-migrated with
carnitine. In theory, greater concentrations of this B-cyclodextrin would eventually resolve
these peaks and the glycine betaine would migrate after the acetylcarnitine peak. However, in
practice, the carnitines also migrate slightly more slowly until only one peak was seen at high
concentrations of the B-cyclodextrin. Concentrations high enough to resolve the peaks from
each other were not possible because of the poor solubility of the B-cyclodextrin. The neutral
B-cyclodextrin improved the peak shape for octanoylcarnitine, which had previously had poor
peak shape as a result of interactions with the coating of the capillary. However, this benefit

was offset by the disadvantages of having the other analytes comigrate.
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When neutral and sulfated B-cyclodextrins were added to the background electrolyte they both
influenced the separation, the concentrations of each was then varied to optimise the
separation. This was beneficial in this assay as the presence of the neutral B-cyclodextrin
improved the shape of the octanoylcarnitine peak and the sulfated B-cyclodextrin resolved the
acetylcarnitine and carnitine (Figure 5.9). At 2 mM neutral B-cyclodextrin and 0.1 mM

sulfated B-cyclodextrin all of the analytes present in the sample were resolved.
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Figure 5.9 Effects of mixed B-cyclodextrins

CE Conditions: 20 mM tris pH 7.2, 1 mM phytic acid, 30% MeOH, 2 mM neutral cyclodextrin voltage 30 kV,
current 15 pA. 1.Glycine betaine, 2 Carnitine, 3 Acetylcarnitine, 4 Octanoylcarnitine, 5 N, N-dimethylglycine. A
no sulfated cyclodextrin, B 0.1 mM sulfated cyclodextrin, C 0.5 mM sulfated cyclodextrin, D 1 mM sulfated
cyclodextrin
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5.3.5 Use of organic modifiers

Methanol was used to improve the peak shape and control interactions between the analytes
and the cyclodextrins (Heiger 2000). Higher concentrations of methanol increased the
separation window so that the peaks have more time to separate, but also lengthened the
migration times as shown in Figure 5.10. The separation of carnitine and its acyl esters and
the peak shape of the octanoylcarnitine were improved by the addition of methanol. Use of
30% methanol gave the best trade off between improved peak sharpness and separation of the
analytes, and long retention times.
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Figure 5.10 Effect of methanol
CE Conditions 20 mM Tris pH 8, 1 mM phytic acid, 1| mM sulfated cyclodextrin
1.Glycine betaine, 2 Carnitine, 3 Acetylcarnitine, 4 Octanoylcarnitine, 5 N, N-dimethylglycine
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The selectivity of the system could be altered by suppressing the interaction between the

cyclodextrins and the analytes, this was be achieved by adding metal ions to the background

electrolyte. Addition of 75 mM of sodium chloride did not change the electro-osmotic flow

but the mobility of the peaks increased and the selectivity was changed (Figure 5.11). Glycine

betaine migrated before the carnitine species and N,N-dimethylglycine migrated before the

neutrals peak.
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Figure 5.11 Effect of NaCl
CE Conditions 20 mM Tris pH 8, 1 mM phytic acid, 3 mM sulfated cyclodextrin
1.Glycine betaine, 2 Carnitine, 3 Acetylcarnitine, 4 Octanoylcarnitine, 5 N, N-dimethylglycine
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5.3.6 Use of phytic acid

In this system, phytic acid was added to the background electrolyte to reverse the
electro-osmotic flow of the coated capillary, but phytic acid can also be used as an additive.
By changing the concentration present in the background electrolyte the migration of the
analytes was altered. Lower concentrations of phytic acid would be expected to decrease the
electro-osmotic flow; however, this does not occur. The analytes’ mobilities were changed,
but there was no affect on the electro-osmotic flow with different concentrations of phytic
acid. Most affected was the mobility of N N-dimethylglycine, higher phytic acid

concentrations moved the peak away from the neutrals peak (Figure 5.12).
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Figure 5.12 Effects of phytic acid

CE Conditions 20 mM Tris pH 8 1.Glycine betaine, 2 Carnitine, 3 Acetylcarnitine, 4 Octanoylcarnitine, 5
N,N-dimethylglycine, A 1 mM phytic acid, voltage 15 kV, current 22 pA B 0.5 mM phytic acid, voltage 15 kV,
current 16 pA
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5.3.7 Calculation of mobility

Mobility calculations were used to determine the concentration of cyclodextrin that would
give the best separation of the analytes. This was particularly useful as the sample contained
unknowns that had to be separated from the analytes but did not need to be separated from
each other. The mobility of each analyte and the unknowns were experimentally determined
at several sulfated cyclodextrin concentrations and the results were plotted to determine which

concentrations would give the best separation (Figure 5.13).
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Figure 5.13 Mobility of analytes
CE Conditions 20 mM Citrate pH 3, 30% Methanol

The mobilities of acetylcarnitine and carnitine are very similar under these conditions and
there was only a slight separation at concentrations below 0.3 mM. At higher concentrations
the mobility of glycine betaine was slowed and becomes similar to that of octanoylcarnitine.
To separate the analytes from the unknown peaks the optimal concentration of sulfated
cyclodextrin was 0.05 - 0.1 mM as this theoretically gives the best separation of all

components in the sample.
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5.4 THE FINAL SEPARATION

All five betaines in a standard aqueous sample can be separated with a background electrolyte
consisting of 20 mM Tris (pH 7.6), 2 mM neutral cyclodextrin, 0.1 mM sulfated cyclodextrin,
and 1 mM phytic acid (Figure 5.14). Good resolution between carnitine and its acyl esters
could not be achieved by the addition of additives so a longer capillary (effective length
51.5 cm) was used. This increased the run times by about 20%, compared to the shortest
capillary (effective length 26.5 cm) but meant that the small differences in mobilities of the
analytes were enough for separation to be achieved. It was hypothesised that electrokinetic
loading would differentiate between the derivatised sample, the neutral species and excess
derivatising reagent. But although the peaks are bigger when electrokinetic injection is used

the size of the neutral peak and background noise is also increased so there is no obvious

advantage.
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Figure 5.14 Best Separation

CE Conditions: 20 mM tris pH 7.2, 1 mM phytic acid, 30% MeOH, 2 mM neutral cyclodextrin, 0.1 mM sulfated
cyclodextrin, voltage 30 kV, current 15 pA. 1.Glycine betaine, 2 Carnitine, 3 Acetylcarnitine,

4 Octanoylcarnitine, 5 N, N-dimethylglycine
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The method described here can be used to separate a standard mixture of derivatised betaines,
however, attempts to use this method to quantify betaines in biological samples failed. The
sensitivity is not sufficient to reliably quantify the concentrations of the betaines in human
plasma. Plasma samples obtained from a normal healthy volunteer and spiked with the
analytes at a similar concentration to the standard sample do not have measurable peaks.
Sensitivity could be improved by using a high-sensitivity capillary, or derivatising with
6-methoxynaphthacyl or 2-phenanthrenacyl triflate and using fluorescence detection.
However, high sensitivity capillaries and fluorescence detection make the replacement of

capillaries more difficult and reduce one of the advantages of using CE for separations.

Good separations can be achieved of the standards so capillary electrophoresis could be a
useful technique for some separations where smaller betaines such as glycine betaine and
carnitine are present in relatively high concentrations. Despite the attractions of lower running
costs and technical simplicity, it has not been possible to develop a method that has both the
resolution and sensitivity required to replace the HPLC methods for the larger range of

betaines and betaine metabolites in blood, urine and tissues.
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5.5 THE USE OF CAPILLARY ELECTROPHORESIS TO MEASURE THIAMINE
SPECIES

Thiamine is present in three major forms in the body, thiamine, and two phosphate esters,
thiamine monophosphate, and thiamine pyrophosphate. Most assays measure the erthyrocyte
thiamine pyrophosphate concentration, as it is approximately five times the concentration of
thiamine in plasma (Talwar, Davidson et al. 2000). An assay that measures thiamine and the
phosphate esters in red blood cells will more accurately reflect the body’s stores than plasma

concentrations, which are affected by recent intake of thiamine.

The existing assay at Canterbury Health Laboratories uses HPLC with fluorescence detection
to quantify thiamine pyrophosphate in erthyrocytes but this method does not quantify
thiamine monophosphate or thiamine. By not quantifying all the forms of thiamine present
important information regarding thiamine status could be lost. Prior to detection by
fluorescence the thiamine pyrophosphate is oxidised to its thiochrome derivative by reaction
with ferricyanide. This reaction, first described by Berger ef al, is rapid and complete in less
than 15 seconds (Berger, Bergel and Todd 1935). Maximum fluorescent yield from the
thiochrome derivatives plateaus above pH 8 (Lewin and Wei 1966) however at this pH most
HPLC columns have limited life times. To prolong the use of the column the assay is run at a
pH less than 8 and derivatives do not have maximum fluorescence. The development of a CE
assay to quantify thiamine and its phosphate esters is desirable as it could be run at optimal
pH without reducing capillary life, would also use less solvent, and have shorter run times

than the current HPLC assay.

CE assays have been used to measure thiamine species. Vidal-Valverde et al. used CE to
measure the thiamine content of meat and milk (Vidal-Valverde and Diaz-Pollan 1999; Vidal-
Valverde and Diaz-Pollan 2000). To determine total thiamine in meat the phosphates are
converted to thiamine by enzymatic hydrolysis with a phosphatase containing enzyme. There
is only one report of the use of CE to measure thiamine in biological fluids (Mrestani and
Neubert 2000). The analytes were not converted to the thiochrome esters so it was necessary
to use a high-sensitivity Z-cell with UV detection at 200 nm to measure thiamine to limits of
detection of 3.2 uM and 0.4 uM in plasma and urine respectively. Background interference
would be expected to be high at this wavelength, as components of the background electrolyte
and sample matrix would also absorb strongly. Sample preparation was straightforward,

samples were diluted in acetonitrile, centrifuged then injected onto the capillary. Phosphate

142





buffer (10 mM, pH 7.2) was used and thiamine was separated from other plasma components
in a run time of less than 10 minutes. This assay could not be used to quantify total thiamin in
urine and plasma, as the limits of detection are much higher than the normal biological
concentrations of thiamine. Also the phosphorylated thiamine pyrophosphate and thiamine
monophosphate would have an overall negative charge at this pH and the thiamine would be

positively charged so all the analytes could not be measured with these run conditions.

The methods available do not quantify all the forms of thiamine in a single run with adequate
sensitivity to measure the concentrations in red blood cells. Described in this section are the
attempts to develop an assay for thiamine, thiamine monophosphate and thiamine

pyrophosphate that would improve on the existing assays.
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5.6 DEVELOPMENT OF A CAPILLARY ZONE ELECTROPHORESIS METHOD
FOR THIAMINE SPECIES

5.6.1 The sample

The thiochrome derivatives of thiamine pyrophosphate and thiamine monophosphate (Figure
5.15) carry a different negative charge so should be relatively easily separated by capillary
zone electrophoresis. Because thiamine has no charge it would be expected to migrate with
the neutral compounds, i.e. with the electro-osmotic flow. In order to quantify this compound
it will be necessary to use an additive in the background electrolyte so that the migration is

changed and the thiamine is separated from the electro-osmotic flow.
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Figure 5.15 Structures
4.2 Thiamine or phosphate esters, 4.3 thiochrome derivatives, R; Thiamine, R, Thiamine diphosphate,
R; Thiamine monophosphate

Aqueous standards of thiamine, thiamine pyrophosphate and thiamine monophosphate
(1 mM) were converted to the thiochrome derivative, by oxidation with potassium
ferricyanide. The resulting mixture was injected directly onto the capillary. The thiochrome
derivatives are highly fluorescent, but the intensity of the fluorescence has been reported to
vary for each compound. Ishii ef al. found that at pH 8.4 the relative ratio of fluorescence
intensity was 100:65:80:85 for the thiochrome derivatives of thiamine, thiamine
monophosphate, thiamine pyrophosphate and thiamine triphosphate (Ishii, Sarai ef al. 1979).
Levin and Wei reported that the intensity was pH dependent, reaching a plateau above 8.0
(Lewin and Wei 1966). At the pH (9.2) used for this assay the derivatives of each of the

analytes had similar Agx but different Ag;,, and the relative intensities as shown in Table 5.1
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Table 5.1 Fluorescent properties of the thiochrome derivatives (pH 9.2) *

Compound Mex AEm Intensity
Thiamine 364 441 100%
Thiamine monophosphate 363 448 70%
Thiamine pyrophosphate 365 446 75%

* Measured in aqueous derivatisation solution

The excitation wavelength used for fluorescence detection was 365 nm and the emission
wavelength was 446 nm. The choice of wavelength at which fluorescence detection can be
used with CE was limited by what is available commercially. An interference excitation filter
with optimal band width 365 = 2 nm and an emission filter with a cut off below 435 nm were
used. These filters are suitable for detection of the thiochrome derivatives as the excitation
and emission wavelengths of the derivatives were within the ranges of maximum transmission

as shown in Figure 5.16.

363-367 nm and above 435 nm
95% transmission

Fluorescence

200 300 400 nm 500 600

Figure 5.16 Fluorescence scan of thiamine pyrophosphate
Excitation spectra (Blue), Emission spectra (Red) pH = 9.2, room temperature, aqueous derivatisation mixture

145





UV detection at 367 nm was used as the thiochrome derivatives Ay.x Was at this wavelength
which was well removed from those of the unreacted thiamine pyrophosphate (Amax = 246 nm)

and the ferricyanide oxidising reagent (Amax = 260 and 303) as shown in Figure 5.17.
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Figure 5.17 UV properties

Thaimine pyrophosphate (blue) solvent = water, Ferricyanide derivatising reagent (red) solvent = water,
Thiochrome derivative of thiamine pyrophosphate (black) solvent= aqueous derivatisation mixture. pH = 9.2,
room temperature,

5.6.2 Capillary zone electrophoresis conditions

A pH of about 9 would give maximum fluorescence of the derivatives, so a borate buffer (pK,
9.24) was an appropriate choice. To accommodate fluorescence detection, a longer capillary
was required, the minimum effective length was 50 cm, and diameter used was 75 um. As
was expected, using a borate buffer (20 mM (with respect to ions, pH 9.21) the uncharged
thiochrome migrated with the electro-osmotic flow (migration time 2.5 min). The thiochrome
monophosphate and the thiochrome diphosphate migrated slightly slower than the
electro-osmotic flow at about 4.2 and 5.3 minutes respectively. To quantify the thiamine in
the sample it was necessary to change its migration so that it was separated from the electro-
osmotic flow front. Addition of B-cyclodextrin to the background electrolyte broadened the
thiamine pyrophosphate peak and had little affect on the other analytes. Quantification of

thiamine was not possible with any of the concentrations of B-cyclodextrin tried.
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As an alternative to the use of cyclodextrins, sodium dodecyl sulfate was added well above its
critical micelle concentration. The presence of sodium dodecyl sulfate in the background
electrolyte increased the problems experienced with capillary blockages so buffers containing
sodium dodecyl sulfate were ultrasonicated and then left at room temperature for at least 1
hour before use. This seemed to overcome the problem experienced, possibly because any
particles had settled. As shown in Figure 5.18, 100 mM sodium dodecyl sulfate slowed the
migration of the thiamine derivative so that it migrated slower than the electro-osmotic flow
and couldbe quantified. However the baseline noise was also increased, so the limits of
detection were raised, and overall migration time was now longer. To reduce both baseline
noise and migration time, lower concentrations of sodium dodecyl sulfate (20 mM —100 mM)
were tried. The best combination of good peak shape, rapid run times and good separation

was achieved at a sodium dodecyl sulfate concentration of 50 mM.
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Figure 5.18 Affect of sodium dodecyl sulfate on separation.

CE Conditions: UV detection at 375 nm. Sample concentration 1 mM. 1. electro-osmotic flow, 2. Thiamine,

3. thiamine monophosphate, 4. thiamine pyrophosphate borate 20 mM pH 9.21, voltage 20 kV, A, current 19 pA
B 50 mM sodium dodecyl sulfate, current 32 pA C 100 mM sodium dodecyl sulfate, current 47 pA.
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5.6.3 Detection

This method was required to measure thiamine content in deficient patients so sensitivity to
concentrations below normal concentrations was necessary. The normal range used by
Canterbury Health Laboratories for thiamine pyrophosphate using the existing HPLC assay
was 180 nM — 300 nM which was a lot lower than the concentration used for initial method
development (1 mM). Mancinelli et al. measured concentrations in 103 healthy subjects using
HPLC and found the average concentrations were thiamine 89.6 nM, thiamine
monophosphate 4.4 nM and thiamine pyrophosphate 222.23 nM (Mancinelli, Ceccanti et al.
2003). For this CE method the limit of detection using UV detection for aqueous standards
was around 300 uM but at this concentration large peaks were still visible using
fluorescence”. (Figure 5.19). At a concentration where the UV peaks are almost too small to

measure the fluorescence peaks are well off scale.
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Figure 5.19 Peak areas with UV and fluorescence detection
A UV, B fluorescence, 1 electro-osmotic flow, 2. Thiamine, 3. thiamine monophosphate, 4. thiamine
pyrophosphate, 20 mM borate pH 9.2, 50 mM sodium dodecyl sulfate, voltage 20 kV, current 65 pA

The derivatives of thiamine monophosphate and thiamine pyrophosphate had much larger
fluorescent responses than the derivative of thiamine, to some extent this was expected as the

derivatives of thiamine monophosphate and thiamine pyrophosphate have been previously
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reported to be more fluorescent (Lewin and Wei 1966). This affect was much larger than
anticipated. Regardless of this there appears to be adequate sensitivity to detect the analytes in

the concentration range expected for biological samples.

The poor peak shape of thiamine and thiamine monophosphate was a result of poor matching
between the mobilities of the buffer and the sample. In Figure 5.19 peak 2 (thiamine) has
considerable fronting, this suggests that the analyte had lower conductivity than the running
buffer. This could be corrected by using a buffer with a lower conductivity, although this may
affect the other peaks. Fronting or tailing is particularly evident when the buffer concentration
is not two orders of magnitude more concentrated than the sample, this was the case with the
highly concentrated standards used for initial assay development. The peak shape could be
improved by increasing the buffer concentration, but as the biological concentrations of the
thiamine analytes are much lower than those presently used this problem should not occur

when analysing biological samples.

5.6.4 Final separation of thiamine species

Standard mixtures of thiamine, thiamine monophosphate and thiamine pyrophosphate can be
separated in about six minutes using a borate buffer (20 mM, pH 9.2), with the addition of 50
mM sodium dodecyl sulfate to resolve thiamine from the electro-osmotic flow front. The
running voltage of 20 kV generated a current of 65 pA. The limits of detection for aqueous
standards suggested that sensitivity would be adequate for the analysis of thiamine and its
phosphate esters in biological samples. In practice this has not been possible, when red blood
cells were analysed no peaks were detected. This is most probably caused by the change of
matrix as aqueous standards were used for method development. The concentrations of
thiamine pyrophosphate in the same samples were measured using the existing HPLC method
so a failure of the thiochrome reaction was not responsible for the lack of peaks by CE.
Further method development would be required to overcome the problems encountered,

however this was not attempted due to time constraints.

* The retention times vary slightly between the two detection methods, as the detection windows are not in the
same position in the capillary. The UV window is approximately 2 cm further down the capillary than the
fluorescence cell.
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5.7 CONCLUSIONS

Both of the methods described in this chapter have huge potential as useful clinical assays
however require more method development. The betaines assay could be developed to
quantify carnitine and acyl carnitines in biological samples, or N,N-dimethylglycine and
glycine betaine and other betaines. Greater sensitivity for biological samples is needed and
could be achieved using fluorescence detection, which is possible if one of the triflate
reagents described in chapter two is used. The sensitivity with fluorescence detection should
be adequate for measuring biological thiamine, thiamine monophosphate and thiamine
pyrophosphate concentrations, however the problems with the sample matrix will need to be
overcome. These assays would benefit from a more targeted approach now that the basic
separation has been developed and the behaviour of the analytes under different conditions is
better understood. As both these methods failed when applied to real samples it would be
sensible to use biological samples from an earlier point in the method development, and avoid

devising methods for aqueous standards that do not transfer to real samples.
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5.8 EXPERIMENTAL

Betaine assay

Standard solutions of glycine betaine, N,N-dimethylglycine, carnitine, acetylcarnitine and
octanoylcarnitine (500 pM) from Sigma (St Louis, MO, U.S.A.) were diluted in acetonitrile
and derivatised with 2-naphthacyl triflate as described in section 2.2. The sample was then

dried down under nitrogen before being reconstituted in 250 pL. methanol.

HPLC grade acetonitrile was purchased from Mallinckrodt (Paris, Kentucky). Acetone, HPLC
grade methanol and propan-2-ol were purchased from Merck (Darmstadt, Germany). Citrate
was purchased from BDH (Poole, England). Trisma base, sodium chloride,
poly(diallydimethylammonium chloride), phytic acid, neutral and sulfated cyclodextrin were
supplied by Sigma Aldrich (St Louis, MO, U.S.A.). All other cyclodextrins were obtained
from Cyclolab (Budapset, Hungary).

An Agilent (Waldbronn, Germany) capillary electropherograph was used for the analysis. A
50 um (id) silica capillary (Polymicro Technologies, USA) was used, the effective length was
51.5 cm. Analytes were detected by UV at 249 nm.

The double coated capillary was prepared by the method of Zakaria et al. (Zakaria, Macka
and Haddad 2002).

The poly(diallydimethylammonium chloride) coated capillary was prepared flushing a new
capillary for 30 minutes with 1 M NaOH, 15 minutes with water, 30 minutes waiting time, 15
minutes with 1% (w/v) poly(diallydimethylammonium chloride), 15 minutes wait, 2 minutes
water and 15 minutes with background electrolyte. The capillary was preconditioned by

flushing with background electrolyte for two minutes before each sample.
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Thiamine assay
To 500 pL of standard was added 100 pL of alkaline oxidising reagent (potassium
ferricyanide (15 mM) and 3 M sodium hydroxide) after 30 seconds, 100 uL of 2 M

phosphoric acid was added to stop the reaction.

Thiamine, thiamine monophosphate and thiamine pyrophosphate were all purchased from
Sigma Aldrich. Borax, sodium dodecyl sulfate, potassium ferricyanide, NaH,PO4and KH,PO4

were all obtained from BDH.

An Agilent (Waldbronn, Germany) capillary electropherograph was used for the analysis. For
fluorescence detection an Argox 250B detector (Flux instruments Basel) was used. A 75 um
(id) silica capillary (Polymicro Technologies, USA) with an effective length of 50 cm was
used. The capillary was preconditioned by flushing with background electrolyte for two
minutes. After each sample, the capillary was flushed with propan-2-ol for 2 minutes. UV
detection was at 367 nm and fluorescent detection with a 435 nm emission filter and a broad

excitation filter was used.
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6 DEVELOPMENT OF ANALYTICAL METHODS FOR DETERMINING
BIOTIN STATUS

6.1 BIOTIN, THE FORGOTTEN VITAMIN

Biotin (vitamin H) is a water-soluble B-complex vitamin (Bonjour 1977; Murthy and Mistry
1977), that is found in numerous foods such as liver, kidney, soy flour, egg yolk, cereal, and
yeast and is also synthesised by intestinal bacteria. It is the coenzyme for four mammalian
carboxylases and is involved in the metabolism of protein, fats, and carbohydrates (Zempleni

and Mock 1999).

Biotin deficiencies have attracted little research attention because frank deficiencies in
humans are rare, usually only occurring as a result of long term parenteral nutrition without
appropriate supplementation, or because of genetic defect. However it has been established
that the tissue activity of biotin dependent enzymes are often lowered during normal
pregnancy. Furthermore, in humans, biotin excretion during the third trimester of pregnancy is
significantly lower than in non-pregnant controls. Although biotin excretion in early
pregnancy appears normal, the concentration of a well validated marker of functional biotin
deficiency, 3-hydroxyisovaleric acid is increased in the early stages of pregnancy, suggesting
functional deficiency (Mock, Stadler et al. 1997; Mock 1999; Mock, Quirk and Mock 2002).
Diagnosis of biotin deficiency and appropriate treatment is important as biotin deficiency is
teratogenic in other animals (Watanabe 1983; Watanabe 1993; Mock, Mock et al. 2003).
Mock et al. found that functional biotin deficiency caused fetal malformations in mice (Mock,
Mock et al. 2003), and it has been suggested that it may also be teratogenic in humans
(Zempleni and Mock 2000) causing birth defects including cleft palate, microglossia and
micromelia (Watanabe, Yasumura et al. 1998; Watanabe, Oguchi et al. 2005).
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6.1.1 Methods for the quantification of biotin status

To determine biotin status during pregnancy there is a need for a rapid and inexpensive assay.
Measurement of biotin status will play a role in studies to determine if functional biotin
deficiency increases the risk of birth defects. If a link is established then suitable assays could
be used as part of a routine clinical service to determine biotin status during pregnancy. This
would then allow appropriate supplementation to be administered and potentially lower the

rate of birth defects.

Insufficient biotin intake can be diagnosed by simple binding assays (Mock 1997). Patients
likely to be at risk of biotin deficiency as a result of inadequate biotin intake can be diagnosed
by quantifying biotin concentrations in urine using the binding assay. However these assays
do not determine the tissue stores of biotin and do not allow the detection and diagnosis of
metabolic disorders involving biotin. These conditions require quantification of compounds
that are related to the functional biotin concentrations, for instance the quantification of
urinary 3-hydroxyisovaleric acid (Mock, Jackson et al. 1989). Increased urinary
concentrations of 3-hydroxyisovaleric acid are a useful indicator of functional biotin
deficiency (Mock, Henrich-Shell ef al. 2004). 3-Hydroxyisovaleric acid is formed in
increased amounts because of decreased activity of the biotin dependent enzyme
methylcrotonyl-CoA carboxylase. As a result of severe biotin deficiency the concentrations of
several metabolites increase (Sweetman, Surh et al. 1981). The urinary concentrations of
3-hydroxypropionic acid and methylcitric acid increase because of impaired function of
propionyl CoA carboxylase, and methylcrotonylglycine and isovalerylglycine reflect the
activity of methylcrotonyl-coA carboxylase. The concentrations of these metabolites are not
significantly increased during functional biotin deficiency (Mock, Henrich-Shell et al. 2004)
so are not useful markers of deficiency. Measuring the concentrations of metabolites that
reliably change when the tissue activity of the biotin dependent enzymes is lower can
potentially diagnose altered biotin metabolism earlier in pregnancy than the available binding

assays.
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6.1.2 Propionylcarnitine as a potential marker of functional biotin status

Propionyl CoA carboxylase is a biotin dependent enzyme that catalyses an important step in
the intermediary metabolism of several essential amino acids, odd-chain fatty acids and the
side chain of cholesterol. Propionic acidemia is an inborn error of metabolism that causes
decreased activity of propionyl CoA carboxylase, usually because of defects in the enzyme as
a result of genetic polymorphisms. As shown in Figure 6.1, changes to the activity of
propionyl CoA carboxylase will cause the amounts of several metabolites to change. Because
the same enzyme is affected by both biotin deficiency and propionic acidemia, the metabolic
changes observed would be expected to be similar. These would include increased
concentrations of propionyl CoA, increased excretion of urinary organic acids derived from
propionyl CoA and 3-methylcrotonyl CoA, and elevated concentrations of plasma propionate
(Truscott, Pullin et al. 1979; Fenton and Rosenberg 1995). The activity of propionyl CoA
carboxylase has been proposed as an early and sensitive indicator of functional biotin
deficiency (Mock, Henrich et al. 2002) but there is also potential for the related metabolites to

be measured as a marker of functional biotin deficiency.
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Figure 6.1 Propionyl CoA carboxylase metabolism

1 Propionyl CoA carboxylase, 2 Carnitine acyltransferase, 3 Acyl CoA synthetase, 4 L-Methylmalonyl CoA
mutase
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The decreased activity of propionyl CoA carboxylase as a result of biotin deficiency causes an
increase in propionyl CoA. This metabolite is dealt with in a number of ways including
substitution for acetyl CoA in the synthesis of long chain fatty acids (Mock, Henrich et al.
2002), conversion to organic acids (Liu, Shigematsu et al. 1993) and conversion to carnitine
species (Shigematsu, Bykov et al. 1994) which are then excreted. Of particular interest is the
formation of carnitine species to buffer the elevated acyl CoA/CoA ratio that occurs as a
result of decreased enzyme activity (Roschinger, Millington et al. 1995). Carnitine acts as a
cofactor for the shuttling of long chain fatty acids across the mitochondria membrane (Kerner
and Hoppel 2000) and also helps export acyl groups back to the cytosol (Bieber, Emaus et al.
1982). So whilst the increased concentrations of propionyl CoA are trapped in the
mitochondria, the propionylcarnitine can move freely. In this way carnitine helps to remove
the accumulated molecules from the mitochondria so that they can be excreted by the kidneys,

this causes the urinary acyl carnitine concentration to increase.

Shigematsu et al. found increased concentrations of propionylcarnitine and
methylcrotonylcarnitine in biotin deficient rats with and without supplementation with
carnitine (Shigematsu, Bykov et al. 1994). Excretion of other carnitine species derived from
metabolites formed during biotin deficiency including 3-hydroxyisovaleric and
isovalerylcarnitine, were only significant if carnitine supplementation was given (Shigematsu,
Bykov et al. 1994). Raised concentrations of propionylcarnitine (Figure 6.2) are indicative of
propionic acidemia (Chace, DiPerna et al. 2001; Mueller, Schulze et al. 2003), however the

use of this compound as a marker of functional biotin status has not been pursued.
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Figure 6.2 Structure of propionylcarnitine
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Propionylcarnitine has also been investigated as a treatment for cardiovascular diseases and
peripheral arterial disease (Ferrari, Merli et al 2004; Hiatt 2004). Treatment with
propionylcarnitine increases exercise performance in patients suffering from these diseases.
Aside from investigating its potential as a marker of functional biotin deficiency, a rapid

precise assay would facilitate investigations into the use of this treatment.

6.1.3 Measuring propionylcarnitine

Propionylcarnitine in plasma and urine has previously been quantified by radioenzymatic
assay (de Sousa, English et al. 1990), tandem mass spectrometry (Mueller, Schulze et al.
2003; Vernez, Hopfgartner et al. 2003), GC-MS (Libert, VanHoof et al. 1997) and HPLC
with precolumn derivatisation for fluorescence or UV absorbance detection (Kamimori,
Hamashima and Konishi 1994; Longo, Bruno et al. 1996). Many of the methods used to
quantify other acylcarnitines are not sensitive enough to consistently quantify the low
biological concentration of propionylcarnitine (Minkler and Hoppel 1993). Mueller et al.
reported a median value of 0.19 mmolmol™ creatinine (n=69) in urine using a tandem mass
spectrometry method (Mueller, Schulze ef al. 2003). Slightly higher mean normal
concentrations in urine were determined by HPLC with fluorescence detection after
derivatisation with 3-bromomethyl-6,7-dimethyoxy-1-methyl-2(1H)-quinoxalinone.
Concentrations were 0.57 + 0.3 mmolmol creatinine (n = 10, mean + SD) and 0.33 + 0.22
mmolmol™ creatinine for men and women respectively (n = 10, mean £ SD) (Kamimori,
Hamashima and Konishi 1994), however this population was small and the assay had higher
limits of detection. In plasma the concentrations are even lower, Marzo et al. reported that the
mean normal plasma propionylcarnitine concentration is 0.6 uM in females and 0.8 pM in
males (Marzo and Curti 1997). The methods that can measure the low concentrations have
involved sample clean up procedures, including solid phase extraction, which increase

analysis time.
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Propionylcarnitine is O-alkylated by the triflate reagents described in chapter two. In this
chapter an HPLC assay that can be used to measure propionylcarnitine concentration in urine
is described. The cationic derivative can be quantified after separation by a HPLC method
similar to that described for glycine betaine and N,N-dimethylglycine in chapter three.
Unfortunately the same method can not be used for all betaines as too many other peaks
coelute with the propionylcarnitine. Although increased concentrations of propionylcarnitine
have been reported during biotin deficiency in rats (Shigematsu, Bykov et al. 1994), the use
of this change in concentration as a marker of functional biotin deficiency has not previously
been investigated. As a comparison, a biotin binding assay was developed, and the validation
of this assay is also included in this chapter. The binding assay measures biotin excretion in
urine and can be used as a rapid screening test for insufficient biotin intake. The binding assay
was developed in conjunction with the staff in the Steroid Laboratory at Canterbury Health

Laboratories.
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6.2 A NOVEL BINDING ASSAY FOR BIOTIN

6.2.1 Methods

A streptavidin-binding assay using a biotin-bovine serum albumin conjugate immobilised to a
96 well microtitre plate, and a tetramethylbenzidine detection system is described. The
addition of standards or diluted sample was followed by the rapid addition of streptavidin-
peroxidase, which competes for soluble or immobilised biotin. Following washing, bound
streptavidin-peroxidase was detected using tetramethylbenzidine substrate and the reaction
stopped by the addition of dilute hydrochloric acid. The absorbance of the microtitre plate was
read at 450 nm and the concentration of the sample interpolated on a standard curve. To adjust
for urine dilution, creatinine was determined using a microplate plate adaptation of the Jaffe
Reaction (Murray 1984). The optical density of complex formation after 15 minutes was read

at 492 nm and the biotin excretion expressed as pmolmol™ creatinine.

The within batch coefficient of variation was determined by measuring the biotin level of four
different urine samples in ten replicates. The between batch coefficient of variation was
determined by measuring four different urine samples in duplicate over five different assays

on different days.
Biotin deficient urine was prepared by incubating 1 mL of urine with 2 pL of avidin-agarose

gel for 1 hour at room temperature before the supernatant was centrifuged. The deficient urine

was spiked with biotin to theoretical levels of 100 and 1000 pM to determine recoveries
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6.2.2 Standard curve

A standard curve was constructed using aqueous standards at concentrations between 0, and
1000 pM as shown in Figure 6.3. The sensitivity at two standard deviations from a zero was

determined to be 31 pM.
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Figure 6.3 Typical standard curve for biotin-binding assay
The mean £ 1S.D of duplicates is indicated.
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6.2.3 Precision study

The results of the precision study are shown in Table 6.1. The within batch coefficient of
variation was determined by measuring the biotin level of four different urine samples in ten
replicates. The between batch coefficient of variation was determined by measuring four
different urine samples in duplicate over five different assays on different days. Coefficients

of variation were less than 8 % within batch and less than 12% between batch.

Table 6.1 Results of precision study of biotin in urine

Within batch Between batch
Sample 1 2 3 4 1 2 3 4
Mean (umolmol ™ creatinine) 2.6 4.1 10.3 10.8 2.5 4.4 10.6 10.6
(n=10)
S.D. 0.2 0.2 0.8 0.7 0.3 0.2 0.4 0.8
C.V. (%) 7.7 6.0 7.8 6.8 12 4.5 3.8 7.5

6.2.4 Accuracy

The urine incubated with avidin-agarose gel was found to be biotin deficient. The recoveries

of biotin in urine are shown in Table 6.2

Table 6.2 Recoveries of biotin in urine

Biotin Mean + S.D (n=5) Recoveries %
Deficient urine 0 -

Spike (100 pM) 108 £5 pM 108%

Spike (1000 pM) 1125 46 pM 112%

6.2.5 Normal biotin excretion

Biotin excretion was measured in urine sample from 15 healthy adults, the range was 4.0 —

16.6 pmolmol™ creatinine with no significant difference between males and females (P=0.38)

(Table 6.3).

Table 6.3 Concentration of biotin in urine

Population Biotin (mean + SD) (umolmol'1 creatinine)
All subjects (n=15) 8.1+1.1
Females (n=7) 7.0£0.8
Males (n=8) 9.0+1.9
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6.3 BIOTIN BINDING ASSAY DISCUSSION

This assay described here is a rapid binding assay for the determination of biotin in urine. The
streptavidin-binding assay is a useful test to determine the sufficiency of biotin intake. Unlike
methods that use avidin or streptavidin-coated plates, binding in this assay only commences
during the addition of streptavidin-peroxidase to the biotin-conjugate coated plate. This
minimises the preferential exposure of immobilized or soluble biotin for streptavidin binding.
This means that during the addition of standards and samples to the biotin-conjugate coated
plate there are no immediate and variable binding reaction conditions. Only during the final
step of addition of streptavidin-peroxidase does any preferential binding occur. However this
step is usually a few seconds, using suitable electronic multi-channel pipettes, compared with
a set up time of several minutes using the alternative configuration of an avidin-coated plate.
The assay described here is a rapid procedure and conducive to semi-automation. This assay
also uses changes in absorbance to determine the amount of biotin bound and will avoid
interference by other substituents of urine. The presence of rare earth elements in urine may
interfere with europium labeled streptavidin in other fluoroimmunoassay and may cause the
discrepancy between biotin measured in the fraction containing only biotin after HPLC
separation and the biotin measured by the streptavidin-binding assay (Mock, Nyalala and
Raguseo 2001). Although the assay presented here is not compared with a reference method
the biotin excretion measured in the 15 normal urine samples is within the range (5.0-13.4
umol mol™ creatinine) measured by Mock et al. who separate biotin and its analogues by

HPLC prior to binding to avidin (Mock, Lankford and Cazin 1993).
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6.4 DEVELOPMENT OF AN HPLC ASSAY FOR PROPIONYLCARNITINE

6.4.1 Sample preparation

Aqueous standards of propionylcarnitine, and spiked urine samples were derivatised with
2-phenanthrenacyl triflate using a slightly modified betaine derivatisation method. To remove
some of the interfering peaks noticed when derivatising urine, the samples were diluted in
10% methanol in butanone v/v to precipitate the proteins, and then dried over sodium sulfate
for 30 minutes. Samples were then centrifuged and an aliquot was removed for derivatisation.
Compared to the direct derivatisation method that has been used previously for work
described in this thesis this step dilutes the sample, which will decrease the sensitivity.
However the resolution gained by diluting and drying the sample outweighs the loss of

sensitivity.

To simulate urine samples with high concentrations of propionylcarnitine, 25 pl of a 10 mM
aqueous standard of propionylcarnitine was added (spiked) to 10 mL of urine. This resulted in
a sample with 25 uM added propionylcarnitine. Six batches with four replicates of the urine
sample, and urine with added propionylcarnitine were analysed to determine within and

between batch variation.

Propionylcarnitine was added to urine at each of the following concentrations: 5 uM, 25 uM,
50 uM, and 100 puM. These samples were prepared by making up 5 pl, 25 pl, 50 ul, and 100
ul of a 10 mM propionylcarnitine aqueous stock standard in 10 mL urine. Samples were

analysed and the linearity of the method was determined using linear regression analysis.
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6.4.2 Limits of detection

Maximum  sensitivity was achieved by derivatising propionylcarnitine  with
2-phenanthreneacyl triflate in 10% methanol in butanone (v/v) with magnesium oxide as the
base. The limit of detection for propionylcarnitine using these conditions is 0.78 uM (Table

6.4).

Table 6.4 Limits of detection for derivatisation in different solvents

Peak height” Noise height” Limit of detection® pM
Acetonitrile 0.035 0.002 1.71
5% Methanol in Acetonitrile (v/v) 0.033 0.002 1.82
Acetone 0.037 0.002 1.62
Diglyme 0.035 0.0025 2.14
5% Methanol Diglyme (v/v) 0.035 0.002 1.71
Butanone 0.051 0.0017 1.03
10% Methanol Butanone (v/v) 0.057 0.0015 0.78

10uM standard, 50pL injection volume, ° Average height of baseline noise, ° signal to noise ratio = 3

6.4.3 Method validation

A Phenosphere strong cation exchange column was used with a mobile phase consisting of
90% acetonitrile, 10% water, 8 mM triethylamine and 4 mM glycolic acid delivered at a flow

rate of 1.5 mLmin™ which gave a pressure of approximately 7 MPa.
The propionylcarnitine derivative can be separated from the other components of urine with a

run time of 50 minutes. The propionylcarnitine derivative has a retention time of 26 minutes

as shown in Figure 6.4
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Figure 6.4 Separation of propionylcarnitine in urine
Black unspiked urine, Red urine spiked with 25 pM of Propionylcarnitine. 1. Propionylcarnitine. See
experimental for HPLC details.

6.4.4 Precision and accuracy study

As shown in Table 6.5, the coefficient of variation was below 10% for within batch and 9.1%
and 20% for between batch variation. Six batches with four replicates of the urine sample, and
urine with added propionylcarnitine were analysed to determine within and between batch

variation. The recoveries were calculated after HPLC analysis and are also shown in Table 6.5

Table 6.5 Results of the precision study for propionylcarnitine

Propionylcarnitine ~ Mean+ S.D (uM)  Within batch CV Between batch CV Recoveries (%)

Low urine 0.78+0.13 8.6 % 20 % -
Spike (25 uM added) 24.1+1.2 10.8 % 9.1 % 93

Precision of analysis for six batches of four replicates
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6.4.5 Linearity

The method is linear over the range 0-100 uM as seen in Figure 6.5. The regression analysis

on urine with propionylcarnitine added showed a y intercept of 0.44 pM and an R? value of
0.999.
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Figure 6.5 Linearity of the propionylcarnitine method
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6.1 DISCUSSION OF PROPIONYLCARNITINE ASSAY

Propionylcarnitine in urine can be measured by the HPLC method presented in this chapter.
The 2-phenathrenacyl derivative of propionylcarnitine is highly fluorescent so it is possible to
measure the concentrations of propionylcarnitine in urine without the need for resins or
pre-concentration steps which simplifies the assay and decreases sample preparation times.
The limit of detection for propionylcarnitine in urine is 0.78 uM, this is a dramatic
improvement compared to other HPLC assays (Kamimori, Hamashima and Konishi 1994)
(Table 6.6) and although this assay is less sensitive than electrospray ionisation tandem mass
spectrometry (ESI MS/MS) it is much more straight forward (Mueller, Schulze et al. 2003).
The use of the novel derivatisation reagent 2-phenanthrenacyl triflate is an effective way to
improve sensitivity compared to many previous HPLC methods for the quantification of

propionylcarnitine.

Table 6.6 Limits of detection for propionylcarnitine

Method Limit of detection Reference

HPLC with fluorescence detection ~ 0.78 uM This thesis

HPLC with fluorescence detection ~ 10.5 uM (Kamimori, Hamashima and Konishi 1994)
FAB-MS/MS Qualitative (Libert, Van Hoof et al. 2000)

ESI MS/MS 0.05 uM (Mueller, Schulze et al. 2003)

The method for the analysis of propionylcarnitine in urine has good precision, accuracy, and
linearity. The assay is linear over the range 0- 100 uM and the minimum sample requirement
for analysis is 50 pL. Batches of samples can easily be prepared and analysed for
propionylcarnitine in a single day, and by HPLC the derivative is eluted in less than 30
minutes. The relatively low capital equipment costs make this method viable for use in most

clinical laboratories.
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6.2 CONCLUSIONS

Low biotin levels detected by the binding assay could indicate insufficient dietary intake of
biotin. This assay could be useful as a routine clinical service for the determination of biotin
excretion. However the binding assay will not indicate the tissue concentrations of biotin and
does not diagnose functional biotin deficiency in early pregnancy. The propionylcarnitine
assay described here may be useful to determine functional biotin status, although this has not

been confirmed.

To validate the urinary propionylcarnitine excretion as a marker of functional biotin
deficiency it would be necessary to carry out experiments similar to those that Mock et al.
used to validate 3-hydroxyisovaleric assay (Mock, Malik et al. 1997), functional biotin
deficiency was induced by egg white feeding in healthy human or rats. If the concentrations
of propionylcarnitine are shown to increase as biotin deficiency develops then it would be
useful to collect urine samples from pregnant women at various stages of gestation and
determine if the propionylcarnitine concentrations increase at an earlier stage than biotin
excretion decreases. Increased propionylcarnitine concentrations could be more indicative of

functional biotin deficiency and the tissue activity of the biotin dependent enzymes.
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6.3 EXPERIMENTAL

All reagents were analytical grade and were used without further purification. d-Biotin,
tetramethylbenzidine, and N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid,
triethylamine, glycolic acid, butan-2-one, methanol, dimethoxyethyl ether and
tetramethylamonium hydroxide were obtained from Sigma Chemical Co. (St. Louis, Mo,
USA). Streptavidin-peroxidase was obtained from Cortex Biochem, San Leandro, CA, USA.
HPLC grade acetonitrile was purchased from Mallinckrodt (Paris, Kentucky, USA). Acetone
and magnesium oxide were supplied by BDH (Poole, England). Propionylcarnitine chloride
was purchased from Torcis (Bristol, England). The 2-phenanthrenacyl triflate derivatising

reagent was synthesised as described in chapter two.

Biotin binding Assay

Biotin standards (0-1000 pM) were freshly prepared in a N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid buffer (0.05 M, pH 7.0) from a stock solution of biotin (100 nM). The
assay buffer was phosphate-buffered saline, phosphate (0.05 M), NaCl (0.15 M) adjusted to
pH 7.4 and containing 0.1% Tween 20 (v/v) and 0.1% gelatin (w/v).

Biotinylation of bovine serum albumin was carried out using N-hydroxysuccinimide biotin
following the method of Harlow and Lane (Harlow and Lane 1998). Microtitre plates (Falcon
3912 Microtest III, Becton Dickinson, Oxnard, CA, USA) were coated with 100 pL/well of
biotin-BSA conjugate (0.4 pgmL™) in 6 M aqueous guanidine hydrochloride. Coated plates
were covered and stored at 4°C at least overnight and up to 5 days prior to use. The plates
were washed four times with wash solution (phosphate-buffered saline containing 0.1%
Tween 20), the wells were blocked by the addition of 150 pL/well of assay buffer. After 1
hour at room temperature the wells were emptied by inversion and the plates blotted onto
paper towels to remove excess liquid. Standards or diluted samples (50 uL/well) were added
in duplicate to each well followed by streptavidin-peroxidase (1:1000 in assay buffer
(50 puL/well)) and then incubated for 30 minutes at room temperature. The plate was then
washed and tetramethylbenzidine substrate added, (100 pL/well) for 10 minutes at room
temperature. Colour development was terminated by the addition of 1 M HCI (100 pL/well),
which formed a stable yellow complex, and the absorbance read at 450 nm on a BMG
Fluostar microtitre plate reader. Biotin concentrations were interpolated on the standard curve

and the results expressed as pmol biotin mol™ creatinine.
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Urinary creatinine was measured by a microtitre plate adaptation of the Jaffe Reaction
(Murray 1984). The optical density of complex formation after 15 minutes was read at

492 nm.

Propionylcarnitine Assay

The derivatisation procedure is based on the method of Ingalls et al. (Ingalls, Minkler et al.
1984). Aqueous standard or urine samples (50 pL) were diluted 10% methanol:butanone v/v
(1 mL), and dried over sodium sulfate for 30 minutes. Samples were then centrifuged and
200 pL of supernatant was removed to a 1.5 mL microcentrifuge tube. Derivatising reagent
(50 uL) consisting of 100 mM phenanthrenacyl triflate in butan-2-one was added to the
extracts, followed by 5 pL of 0.1 g/mL MgO (aqueous). The samples were shaken for 5
minutes and centrifuged at 11600 x g, then 200 uL was transferred to HPLC vials for

analysis.

HPLC was performed on a Shidmadzu Class VP system (Kyoto, Japan) with an 100 pL
sample loop, a Shimadzu Diode array detector (SPD-M10A), and a Shimadzu fluorescence
detector (RF-10AXL). The column used was obtained from Phenosphere (SCX 80 A 5 uM,
250 mm x 4.6 mm) (Torrance, CA) with a guard cartridge of the same packing. The column

was maintained at 40°C during analysis.
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7 COMPARISON OF FUNCTIONAL VITAMIN STATUS IN ELDERLY NEW
ZEALANDERS WITH AND WITHOUT HIP FRACTURE

7.1 VITAMIN DEFICIENCY IN THE ELDERLY

The population in New Zealand, like that of many developed countries, is ageing (Statistics
New Zealand 2001) and as the number of elderly people (those over 65) in New Zealand
increase, there will be a greater demand for health services. Elderly people typically have
higher rates of chronic disease, more general practitioner visits, prescription items, and
admissions to hospital. In 2001, 12% of the New Zealand population was over the age of 65
(Statistics New Zealand 2001) but 20% of admissions to hospital were people in this age
group (Ministry of Health 1999). The proportion of people aged over 65 is forecast to increase
from the 2001 level to 14% by 2011 (Statistics New Zealand 2001), this will put increased

stress on the health services.

Malnourished elderly are more likely to be ill or dependent and so will use health services
more often. Protein and energy malnourishment is more prevalent in elderly populations than
younger populations (Whitehead and Finucane 1997), but malnourishment is not a direct
consequence of the ageing process. Healthy mobile elderly have similar nutritional
requirements to young people. Estimates of the prevalence of protein and energy malnutrition
in elderly populations are about 2-16% for community dwelling elderly, and as high as 26%
for institutionalised elderly (Whitehead and Finucane 1997). The trends in New Zealand are
similar to those of other developed countries with a higher prevalence of protein and energy
malnutrition in institutionalised elderly (Burness, Horne and Purdie 1996; Hanger, Smart et

al. 1999).

Elderly populations also have a higher prevalence of vitamin deficiencies. Vitamin
deficiencies and protein malnourishment are usually related because insufficient intake of
food will cause insufficient vitamin intake. Food intake usually decreases in old age because
of a reduced appetite as a result of a decrease in energy needs because of a reduction in lean
body mass and a decrease in physical activity (Munro, Suter and Russell 1987). This does not
translate to a decreased requirement for other nutrients, in fact micronutrient requirements
may be increased in the elderly. The elderly may also have difficulty absorbing nutrients from
food, which can result in deficiencies. Furthermore many physical or mental diseases that

commonly affect the elderly can lead to difficulties in preparing, and purchasing food, and

176





some medications can reduce appetite and cause the loss of taste or smell (Whitehead and
Finucane 1997). Elderly people who are not used to preparing their own meals, who do not
bother to cook for one person, or are restricted to food prepared in an institution can have
inadequate vitamin intakes. Meal environment, the presentation of food, and the nutritional
knowledge of the staff may also affect the diet of institutionalised elderly (Bonjour, Schurch
and Rizzoli 1996). These factors combine to make elderly people prone to vitamin

deficiencies.

In an English study, protein and energy malnutrition was found to be more prevalent in
elderly women admitted to hospital with hip fractures than free living elderly without
fractured hips (Lumbers, New et al. 2001). Those with hip fracture had significantly lower
energy intake, reduced plasma albumin concentrations, lower body mass index and lower
intakes of many vitamins. The situation is similar in New Zealand, Hanger ef al. found that
42% of patients over the age of 65 years (n=85) admitted to Christchurch Hospital with a hip
fracture were malnourished (diagnosed by protein albumin, skin fold thickness and mid upper
arm circumference) (Hanger, Smart et al. 1999). Poor nutrition has been linked with poor
recovery after hip fracture, including a loss of independence, diminished ability to walk
unaided and high mortality rates (Burness, Horne and Purdie 1996; Koval, Maurer et al.
1999). The hip fracture population was chosen for investigation in the study described in this
thesis because the high prevalence of protein and energy malnutrition would be expected to be

associated with low vitamin concentrations.

The clinical study described in this chapter was designed to investigate the prevalence of
functional vitamin deficiency in patients with a fractured neck of femur (#NOF). The high
prevalence of protein energy malnourishment previously shown in the hip fracture population
(Hanger, Smart et al. 1999) would suggest that this population would also have an increased
prevalence of vitamin deficiencies compared to healthy elderly. Additionally the diagnostic
value of using assays that determine functional vitamin status compared to conventional
assays for total vitamin concentrations can be assessed. It was anticipated that measuring
metabolites such as methylmalonic acid and total homocysteine would indicate a greater
prevalence of functional vitamin deficiencies in the #NOF population than the assays for total

vitamin concentrations.
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Hip fracture rates are higher in the elderly than in younger populations because of an
increased number of falls as a result of health impairment, disability, defective furniture or
equipment, errors of judgement (Bastow, Rawlings and Allison 1983), protein and energy
malnutrition, and a higher prevalence of osteoporosis. Undernutrition can increase the risk of
falling by impairing movement control, which affects co-ordination and muscle strength
(Bastow, Rawlings and Allison 1983) and decreasing the protective mechanisms such as
reaction times, and soft tissue padding in the hip area (Bonjour, Schurch and Rizzoli 1996).
Furthermore protein and energy malnourishment could cause hip fracture, as it is associated

with other deficiencies including macro and micronutrients required for bone health.

The connection between some micronutrients, osteoporosis and hip fracture is well
established. In a 1996 review Bonjour et al. highlighted vitamin D and vitamin K as the
vitamins most commonly associated with hip fracture (Bonjour, Schurch and Rizzoli 1996).
Vitamin D and calcium are responsible for bone remodelling and integrity. Vitamin D
synthesis is dependent on sunlight exposure so lack of this vitamin is common in house bound
elderly. Supplements of calcium can prevent bone loss and supplements of calcium and
vitamin D reduced the number of fractures in institutionalised elderly (Bonjour, Schurch and
Rizzoli 1996). Low bone mineral density is associated with warfarin' treatment, which is a
known vitamin K antagonist, and the majority of studies have shown that there is an
association between vitamin K concentrations, bone mineral density, and fracture risk.
Vitamin K is involved in the production of gamma-carboxylated glutamyl residues, which are
present in coagulation factors and bone proteins (Bonjour, Schurch and Rizzoli 1996).
Bitenzky et al. found that after fracture vitamin K concentrations decrease, and the time taken
for the concentrations to return to normal depend on the severity of the fracture (Bitenzky,
Hart et al. 1998) suggesting vitamin K has an important role in bone healing. The associations
between vitamin K and D and hip fracture were not investigated in the study described in this
chapter as they have already been investigated in the New Zealand population (Weatherall
2000). Also assays for functional status for these vitamins are not available at Canterbury
Health Laboratories so they could not be easily measured, in terms of the aims of this study

there was no further information to be gained by measuring vitamin D and K.

! Warfarin is an anticoagulant, prescribed to people with a tendency for thrombosis. Common indications for
warfarin use are atrial fibrillation, artificial heart valves, deep venous thrombosis and pulmonary embolism.
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Vitamin K and D are not the only vitamins that are recognised as having a role in the
development of osteoporosis and the risk of hip fracture. The associations between B
vitamins, particularly folate and vitamin B, total homocysteine and fracture have attracted
recent attention (McLean, Jacques et al. 2004; van Meurs, Dhonukshe-Rutten et al. 2004;
Herrmann, Widmann and Herrmann 2005; Sato, Honda ez al. 2005). In order to determine the
relationship between total homocysteine and fracture risk, Cagnacci ef al. pointed out that it is
important to use appropriate markers of functional vitamin levels, such as methylmalonic
acid, and total homocysteine (Cagnacci, Cannoletta et al. 2004). This is because, in many
cases the relationships between bone mineral density, fracture rate and vitamin concentration
have been non-linear, with the relationship strengthening below a certain vitamin
concentration (Morris, Jacques and Selhub 2005). The study described in this thesis measures
the concentrations of markers of functional vitamin status and total vitamin levels in the hip
fracture population and compares the concentrations with those of an aged matched healthy
population. It is the first study to measure the plasma N,N-dimethylglcyine and glycine
betaine concentrations in hip fracture patients. The quantification of the glycine betaine
concentrations in this population is important as glycine betaine is a strong predictor of total
homocysteine in people with low folate (Holm, Ueland et al. 2005), and so may also be

associated with fracture risk

The study described here will increase the information available regarding the functional
vitamin status of elderly New Zealanders, particularly those with fractured hips, and
determine the benefit of using markers of functional vitamin deficiency rather than measuring
total vitamin levels. In addition it will investigate homocysteine metabolism in this population

by quantifying metabolites that have not previously been measured.
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7.2 VITAMIN STATUS OF ELDERLY HIP FRACTURE PATIENTS

7.2.1 Population recruitment

The study protocol was approved by the Upper South Regional Ethics Committee. Power
studies were used to determine the number of participants needed to show a difference of 0.5
between the vitamin concentrations of #NOF and normal controls. With o, = 0.05 and

assuming a power of 80% then a sample size of 63 was required in each group.

New Zealand wide from July 1999 - June 2000 there were 3131 patients aged over 65
admitted to hospitals with #NOF. In 2004 there were over 600 patients admitted to
Christchurch hospital with hip fractures, the information regarding age and sex for these
patients was used to determine the approximate age and sex distribution of those expected to

be admitted in 2005. The controls that were recruited were age and sex matched to this data.

7.2.2 Sample collection

Fasting blood samples were collected pre operatively, within 72 hours of admission, from
#NOF patients. Samples were collected from volunteers during a study visit after an overnight
fast. Approximately 15 mls of blood (3 x 5 ml tubes, LiHep, EDTA, and plain) was collected
from each participant. Aliquots of LiHep and EDTA plasma, serum, LiHep red blood cells,
and EDTA whole blood were prepared. Samples were originally stored at -20°C for up to 2
months before being transferred to -40°C for most samples or -80°C for those that were

eventually analysed for serum folate.

7.2.3 Statistical analyses

Spearman rank correlation analysis was used, as the results are not normally distributed,
making Pearson correlations inappropriate. Multivariate analysis was based on multiple
models to minimise the possibility that spurious associations were included. This conservative
approach may lead to some genuine associations being overlooked. Best subset regression
(with the “best” criterion set as the adjusted r* value to take into account the number of
variables) was used to generate the four best models, and stepwise forward linear regression
was used to generate an independent model. Predictor variables were regarded as probably

significant if they were significant (p<0.05), or close to significant, in all models with

% size of the effect = difference in means of two groups + standard deviation
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consistent coefficients. Then these probable predictors were included in a multiple linear

regression model to confirm that they were significant predictors.

7.2.4 Graphs and tables

Box plots were produced on SigmaPlot 2001 (version 7, SPSS Inc). Boxes show inter-quartile
range with a median bar. Lines show the tenth and ninetieth percentiles and all data points
outside this range are individually shown. Statistical tables show significant values (p < 0.05)

in bold.
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7.3 RESULTS

7.3.1 Population distribution

Sixty healthy control subjects aged and sex matched to the expected #NOF population were
recruited from the community. The controls had never suffered a #NOF and had no serious
concomitant disease. Fifty six patients admitted to Christchurch Hospital (wards 18 and 19)
with #NOF aged 65-90 years were recruited into the study. Age, sex, and details of serious

concomitant disease, and living arrangements were recorded for each participant.

Table 7.1 shows the age and sex distribution of the control population and the #NOF
population. Those who suffered a #NOF were predominantly female (77 %) and 53% were
aged 80 years. The difference in the total number of females in each population is not
significant (P=0.521) but because the #NOF patients were slightly older than expected the

difference in mean age is approaching significance (P=0.055).

Controls were recruited from community groups in predominantly high socio-ecomonic
regions of Christchurch. All controls were living independently and were able to travel to the
study appointment. In contrast 24 (42%) of the #NOF population were residing in rest homes
or hospitals. As a consequence of the recruitment methods the control population was in better
health than would be expected from a cross sectional random population of elderly people.
Reported rates of vitamin supplementation were low only 13% of the population reported

taking B vitamin supplements or multivitamins.

Table 7.1 Age and sex distribution of populations

Age (years) Controls (n=60) #NOF (n=56)

Females % Males % Females % Males %
65-69 1 2% 0 1 2% 0
70-74 9 15% 3 5% 5 9% 1 2%
75-79 13 22% 7 12% 13 23% 6 11%
80-84 17 28% 5 8% 17 30% 3 5%
85-89 2 3% 3 5% 7 13% 3 5%
Total 42 70% 18 30% 43 77% 13 23%
Mean age + SD 77.6+43 78.5+5.8 79.8+5.0 79.9+48
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7.3.2 Laboratory test results
Stored plasma or serum samples were analysed for concentrations of C-reactive protein,
creatinine, calcium, phosphate, albumin and pre-albumin (transthyretin), and corrected
calcium and glomerular filtration rate were calculated. Results are shown in Table 7.2 and the

comparison to the normal range is shown in Table 7.3.

Table 7.2 Laboratory results

Control (n=60) #NOF (n=56) P value

Mean + S.D Mean + S.D
C-reactive protein (mgL’l) 6.32+£6.13 104.6 + 62.06 <0.001
Creatinine (mM) 0.095 £ 0.02 0.084 £ 0.03 <0.001
Corrected calcium ° (mM) 2.36+0.10 2.27+0.15 0.002
Phosphate (mM) 1.34+0.28 1.09 +0.30 <0.001
Albumin (gL™) 44.36 +3.40 33.98 £4.37 <0.001
Pre-albumin (gL™) 0.18+0.1 0.10£0.05 0.001
Glomerular filtration rate ¢ (mlmin™1.73m™)  60.36 + 12.67 73.15+23.96 0.001

“t test used to determine if populations were significantly different,
® Corrected calcium = calcium + 0.02*(40-albumin), ¢ Glomerular filtration rate calculated using MDRD
calculator © 2000-20002 based on (Levey, Bosch ef al. 1999).

Table 7.3 Prevalence of abnormal concentrations

Analyte Control (n=60) #NOF (n=56)

Normal Observed Abnormal Observed Abnormal P

range range (%) range (%) value *
C-reactive protein (mgL™") <5° 1.30-33.20 25 (42%) ¢ 3.60-242.60  55(98%) ¢  <0.001
Creatinine (mM) 0.05-0.11° 0.05-0.15 9 (15%) ¢ 0.04-0.19 6 (11%) ¢ 0.72
Corrected calcium (mM)  2.20-2.60° 2.03-2.73 2 (3%)° 1.53-2.72 33(59%)°¢  <0.001
Phosphate (mM) 0.80-1.40° 0.88-2.68 0 0.58-2.48 7(13%) ¢ 0.012
Albumin (gL™) 35-50° 31-52 1(2%) ° 26.00-50.00 29 (52%)°  <0.001
Pre-albumin (gL™") 0.20-0.30° 0.04-0.41  32(53%)°¢  0.02-0.25 54 (96%)°  0.001

* t test used to determine if prevalence of abnormal concentrations were significantly different in the populations,
® Normal Range used by Canterbury Health Laboratories, ¢ Below normal range, ¢ Above normal range

Compared to the control population the #NOF population had significantly different mean
concentrations of C-reactive protein, creatinine, corrected calcium, phosphate, albumin, and
pre-albumin, and a higher glomerular filtration rate as shown in Table 7.2. In this study 98%
of the #NOF population had raised C-reactive protein, 52% had low albumin and 96% had
low pre-albumin. There is a significantly higher prevalence of abnormal concentrations of

these analytes in the #NOF population than the controls as can be seen in Table 7.3.
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Concentrations of vitamin Bj,, serum folate, total homocysteine, methylmalonic acid,

N,N-dimethylglycine, glycine betaine, and carnitine were also measure in plasma or serum

samples, the results are shown in Table 7.4 and the prevalence of abnormal concentrations is

shown in Table 7.5.

Table 7.4 Vitamins and markers results

Control (n=60) #NOF (n=56) P value *

Mean + S.D Mean + S.D
Serum folate (nM) 11.3+8.5 10.1+7.9 0.08
Vitamin By, (pM) 229.3+£89.0 237.3+£114.6 0.91
Total homocysteine (uM) 11.7+3.1 122+52 0.85
Methylmalonic acid (uM) 0.27+0.13 0.27+0.18 0.26
Glycine betaine (M) 353+11.5 27.5+13.5 <0.001
Carnitine (uM) 53.2+19.0 40.9 £15.7 <0.001
N,N Dimethylglycine (uM) 1.2+1.0 14+1.6 0.68
N,N Dimethylglycine /Glycine betaine 40 £ 30 50+50 0.154

(mmolmol 1)

“t test used to determine if populations were significantly different

Table 7.5 Prevalence of abnormal concentrations of vitamins and markers

Analyte Control (n=60) #NOF (n=56)
Normal Observed  Abnormal Observed Abnormal P value®
range range (%) range (%)
Serum folate (nM) 8.5-50°  2.8-50 19 (32%) ¢ 2-35.2 31(55%) ¢ 0.02
Serum vitamin By, (pM) 120-450°  96-583 3 (5%) ¢ 80-1476 4 (7%) 0.95
Total homocysteine (uM) ~ 5-15° 6.6-18.6 10(17%) ¢ 5.2-28.1 1221%) ¢ 0.76
Methylmalonic acid (uM) ~ <0.4° 0.12-0.89  5(8%) ¢ 0.08-1.00 7 (12.5%)¢  0.62
Glycine betaine (uM) 16.4-76.2° 13.6-65.0  1(2%)° 7.1-80.1 8 (14%) ° 0.03
Carnitine (UM) 23-60° 25.6-1323 0° 16.7-85.5 9 (16%)° 0.004
N,N Dimethylglycine (uM)  1.42-527" 0.05-47  0°¢ 0.05-10.1  1(2%)¢ 0.57

“t test used to determine if prevalence of deficiency was significantly different in the populations, ° Normal
Range used by Canterbury Health Laboratories, ¢ Below normal range, ¢ Above normal range, ¢ Normal range
established by (Lever, Sizeland et al. 1994), ' Normal range established by (Allen, Stabler and Lindenbaum

1993)

184





7.3.3 Vitamin B, and folate concentrations
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The mean vitamin B, concentrations were 237 pM and 229 pM for #NOF and control groups
respectively (Table 7.4). As can be seen from Figure 7.1 the distributions of vitamin By,
concentrations in the populations are very similar and the concentrations were not statistically
significantly different (P = 0.97). Only 5% of the control population and 7% of the hip
fracture population had vitamin Bj, concentrations below the normal range used at

Canterbury Health Laboratories (<120 pM) (Table 7.5).

Figure 7.2 shows the distribution of the folate concentrations in the two populations. The
mean serum folate concentration was 10.1 nM for those with a #NOF and 11.3 nM for
controls (Table 7.4). 32% and 55% of the control and hip fracture populations had serum
folate concentrations below the normal range set for this assay by Canterbury Health
Laboratories (<8.5 nM) (Table 7.5). Despite the fact that the mean concentrations of folate
was not significantly different between the two populations (P = 0.08), there is significantly
more folate deficiency in the #NOF population (P = 0.02) and the prevalence in both

populations is greater than anticipated.
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7.3.4 Homocysteine and methylmalonic acid concentrations
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The mean total homocysteine concentrations were 11.7 uM and 12.2 uM for the control and
#NOF populations respectively (Table 7.4). These concentrations are not significantly
different (P=0.85) and the prevalence of increased concentrations (>15 uM) was similar (17%
for controls and 21% for #NOF, P = 0.76) (Table 7.5). As shown in Figure 7.3 there is a
greater range of total homocysteine concentration in the #NOF population, with a greater

proportion with severely elevated total homocysteine concentrations (>20 uM).

The distribution of the concentrations of methylmalonic acid in these populations is shown in
Figure 7.4. The mean methylmalonic acid concentrations were 0.27 uM in both the #NOF
population and the controls (Table 7.4). Increased concentrations occurred in 12.5% of the

#NOF population and 8% of the control population as shown in Table 7.5.
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7.3.5 Glycine betaine and N,/N-dimethylglycine concentrations
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The distribution of the concentrations of glycine betaine is shown in Figure 7.5. The mean
plasma glycine betaine concentration in the #NOF population was 27.5 pM which is
significantly lower than that of the controls (35.3 uM, P< 0.001). The mean concentration
found in the normal population agrees with the reference range previously reported by this
laboratory (mean 35.3 uM) (Lever, Sizeland et al. 1994; Lever, Sizeland et al. 1994; Lever,
George et al. 2005). The prevalence of concentrations below the reference range was also

significantly different between the two populations (P = 0.03).

The mean plasma N, N-dimethylglycine concentrations were 1.2 uM and 1.4 uM in the control
and #NOF populations. There is no significant difference between the two populations
(P=0.68). The range of concentrations, as shown in Figure 7.6, in the populations
investigated here is similar to those previously reported (McGregor, Dellow et al. 2001;

Lever, George et al. 2005).
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7.3.6 N,N-Dimethylglycine/ glycine betaine ratio
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The mean ratio of N, N-dimethylglycine/ glycine betaine is not significantly different between
the two populations (P = 0.154). However there is a greater range seen in the #NOF
population as shown in Figure 7.7. The range of ratios seen in the control population is in
good agreement with those previously determined in this laboratory (McGregor, Dellow et al.

2001).

7.3.7 Carnitine concentrations

The mean plasma carnitine concentration in the #NOF population is significantly lower than
that of the controls (40.9 uM and 53.2 uM, P< 0.001) (Table 7.4). The range of concentrations
for both populations as shown in Figure 7.8 is larger than that previously reported in lipid
clinic patients (Lever, George et al. 2005). The prevalence of concentrations outside the

normal range was significantly different between the two groups as shown in Table 7.5.

7.3.8 Statistical analysis

Table 7.6 shows the Spearman correlations for the #NOF and control populations.
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Table 7.6 Spearman correlation coefficients for control and #NOF populations

Age Serum vitamin ~ Serum Serum
By, folate Total homocysteine methylmalonic acid Glycine betaine  Carnitine  N,N-Dimethylglycine
Serum vitamin B,
Controls (n=60) -0.21
#NOF (n=56) -0.19
Serum folate
Controls 0.12 032"
#NOF -0.16  0.09
Total homocysteine
Controls 023  -0.14 -0.30
#NOF 0.13  -0.24 -0.32"
Serum methylmalonic acid
Controls 0.03  -0.31 -0.20 0.24
#NOF 0.41"  -0.146 -0.22 0.34
Glycine betaine
Controls -0.02  0.04 0.1 -0.10 0.14
#NOF -0.22  0.16 0.24 -0.11 0.16
Carnitine
Controls -0.04  0.13 0.09 -0.06 0.14 0.47*
#NOF 0.17 0.04 0.05 0.26 0.42" 0.37"
N,N-Dimethylglycine
Controls 0.20 -0.09 -0.15 0.19 0.14 0.21 0.14
#NOF -0.14  -0.02 -0.06 0.02 0.10 0.34" 0.25
DMG/GB*
Controls 0.14 -0.04 -0.04 0.25 0.2 -0.23 -0.04 0.86°
#NOF 0.07 -0.06 -0.09 0.07 0.05 -0.13 0.18 0.80°

“P <0.001, °P < 0.05 * ratio N, N-dimethylglycine/glycine betaine
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Positive Spearman correlations were expected between pre-albumin and albumin
concentrations and vitamin concentrations, consistent with poor nourishment being associated
with a decrease in vitamin concentrations, however there were no significant correlations seen

in either population.

Spearman correlations show that serum folate and vitamin Bj, concentrations are positively
correlated in the control population and the correlation between homocysteine and
methylmalonic acid concentrations is significant in the #NOF population and approaching

significance in the control population.

Table 7.7 Predictors of total homocysteine in control and #NOF population

Controls #NOF

Coefficient P value Coefficient P value
Glycine betaine (M) -0.055 0.099 - -
Methylmalonic acid (uM) 5.45 0.078 - -
C-reactive protein (mgL™") ~ 0.138 0.075 - -
Glomerular filtration rate -0.078 0.013 -0.099 <0.001

(mlmin™'1.73m™)

Spearman correlations (Table 7.6) show that in both populations total homocysteine and
serum folate concentrations are significantly negatively correlated and that the concentrations
of vitamin B, and homocysteine are significantly associated in the #NOF population but not
in the control population. Multiple linear regression analysis found that the only consistently
significant predictor of total homocysteine for both populations was glomerular filtration rate
(Table 7.7). Weaker predictors for the control population included glycine betaine,
methylmalonic acid and C-reactive protein. Folate was not a significant predictor of total

homocysteine concentrations by any model used for this data.
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Table 7.8 Predictors of methylmalonic acid in control and #NOF population

Controls #NOF

Coefficient P value Coefficient P value
Serum vitamin B, (pM) -0.0004 0.060 - -
Total homocysteine (LM) 0.0096 0.071 - -
Corrected Calcium (mM) -0.268 0.095 - -
Glomerular filtration rate - - -0.0042 <0.001
(mlmin™'1.73m>)
Phosphate (mM) - - 0.154 0.03

Spearman correlations show that in the control population methylmalonic acid and vitamin
B, are significantly negatively correlated, however this association is weak and not
significant in the #NOF population as shown in Table 7.6. Multiple linear regression analysis
in the #NOF population shows that the methylmalonic acid concentration is significantly
predicted by glomerular filtration rate and phosphate concentration as shown in Table 7.8. If
models are used that include age and creatinine concentrations rather than glomerular
filtration rate then methylmalonic acid in the #NOF population is predicted by age, creatinine
and glycine betaine and the association between serum vitamin B, and methylmalonic acid in

the control population is significant (coefficient = -0.0004, P = 0.038).

Table 7.9 Predictors of glycine betaine in control and #NOF population

Controls #NOF

Coefficient P value Coefficient P value
Carnitine (uM) 0.312 <0.001 0.308 0.011
N,N-dimethylglycine (uM) - - 2.591 0.019
Glomerular filtration rate - - 0.177 0.023

(mlmin™'1.73m>)

Spearman correlations show that carnitine and glycine betaine were positively associated in
both populations (Table 7.6). Forward stepwise regression, multiple linear regression and best
subset regressions show that glycine betaine concentrations are strongly predicted by carnitine
concentrations in the control population. Glycine betaine concentrations in the #NOF
population may be predicted by glomerular filtration rate, carnitine, and N, N-dimethylglycine
concentrations as shown in Table 7.9. Total homocysteine and creatinine concentrations are
significant predictors of glycine betaine concentrations in the control population in models

that include age and creatinine concentrations rather than glomerular filtration rate.
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Table 7.10 Predictors of N,/N-dimethylglycine in control and #NOF population

Controls #NOF

Coefficient P value Coefficient P value
Corrected calcium (mM) -2.079 0.129 - -
Glycine betaine (uM) 0.0238 0.051 0.045 0.007
Glomerular filtration rate - - -0.0178 0.053

(mlmin™'1.73m™)

Multiple linear regression analysis showed that in the control population N, N-dimethylglycine
is not significantly predicated by any of the other variables, the association between glycine
betaine and N, N-dimethylglycine is approaching statistical significance. (Table 7.10). In the
#NOF population glycine betaine and glomerular filtration rate predicts N, N-dimethylglycine

concentration.

Table 7.11 Predictors of N,N-dimethylglycine/glycine betaine ratio in control and #NOF
population

Controls #NOF

Coefficient P value Coefficient P value
Total homocysteine (UM) 0.0023 0.069 - -
Corrected calcium (mM) -0.063 0.112 - -
Glomerular filtration rate - - -0.0006 0.037

(mlmin™'1.73m™)

In the control population according to best subset regression a consistent predictor of
N,N-dimethylglycine/glycine betaine ratio is total homocysteine, however these associations
do not reach significance using multiple linear regression analysis as shown in Table 7.11.
Folate is not a significant predictor of the ratio in any of the models used. In the #NOF
population glomerular filtration rate is a significant predictor of the ratio of

N,N-dimethylglycine/glycine betaine concentrations.
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7.4 DISCUSSION

In the population recruited for this study 35% of the controls and 57% of #NOF patients had
lowered concentrations of one or both serum vitamin Bj;, and serum folate. Raised
concentrations of methylmalonic acid and total homocysteine were present in 22% of the
control population and 28% of #NOF population. The prevalence of vitamin deficiencies in
#NOF has not previously been reported. However it has been shown that vitamin intakes are
lower in this group than community dwelling elderly without fractures (Bachrach-Lindstrom,
Unosson ef al. 2001). The study described in this thesis found a high prevalence of vitamin
concentrations outside the normal ranges used by Canterbury Health Laboratories, and the
#NOF population has a greater prevalence of functional vitamin deficiency than healthy

controls.

The interpretation of the results for the #NOF population in this study is confounded by the
affects of trauma on some of the analytes. The #NOF patients had raised C-reactive protein
concentrations indicative of an acute phase response to inflammation and tissue damage
(Knight 1996). Other analytes that will be affected by trauma include albumin and
pre-albumin, which decrease during inflammation as a result of an increased rate of
transcapillary escape into the interstitial fluid. Pre-albumin is a carrier protein with a half life
of 2-3 days, and has previously been used to evaluate protein and energy malnutrition in
hospitalised patients (Reuben, Greendale and Harrison 1995). However, to determine the
nutritional status of a patient, measurements of pre-albumin concentrations should be
combined with other clinical assessment such as body weight, measurements of skinfold
thickness and muscle circumference to determine nutritional status. Hanger et al. found that
81% of hip fracture patients had low serum pre-albumin but if other measurements of
nutrition were used, such as tricep skinfold thickness and corrected arm muscle area, then

42% of the population was defined as being malnourished (Hanger, Smart et al. 1999).

In the study described in this thesis the mean pre-albumin concentration of the #NOF
population is significantly lower than the control population, and 53% of the control
population and 96% of the #NOF population had lowered pre-albumin concentrations. Living
in an institution has previously been associated with an increased prevalence of protein and
energy malnutrition (Finch, Doyle et al. 1998), however there was no significant difference
between the pre-albumin concentrations in the 42% of the #NOF population living in

institutions and those living independently. The results of this study support previous studies
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that show the prevalence of protein and energy malnutrition in elderly people admitted to
hospital with #NOF is greater than in healthy elderly (Hanger, Smart et al. 1999; Bachrach-
Lindstrom, Unosson ef al. 2001; Lumbers, New ef al. 2001), but as a result of the affects of
trauma on pre-albumin concentrations and the lack of other indicators of nutrition it is likely
that the proportion of the #NOF population apparently malnourished in this study is

overestimated.

Adding further weight to the conclusion that pre-albumin is overestimating malnutrition
because it is affected by trauma in this population is the lack of correlation between
pre-albumin and vitamin concentrations. Poor nourishment would be expected to be
associated with decreased vitamin intake and thus lower vitamin concentrations, but despite
the low pre-albumin concentrations, the prevalence of functional vitamin deficiency is not

significantly greater in the #NOF population than the control population.

7.4.1 Folate status

There is a much higher prevalence of low serum folate concentrations in the populations
investigated in this thesis (32% of controls and 55% of #NOF) than previously reported in
similar populations. In a similar New Zealand population serum folate concentrations were
below the normal range (6.7 nM) in only 3% of participants (de Jong, Green et al. 2003). If
this cut off is applied to this data then 46% of hip fracture patients and 16% of controls have a
low folate concentration. It is difficult to directly compare concentrations measured by
different assays in other populations because there is a large variation in results between
similar assays so normal ranges should be measured for each assay. However the proportion
of similar populations (such as the elderly populations) falling outside the normal range would

be expected to be similar between assay and this is not the case with these results.

A much lower prevalence of functional folate deficiency is diagnosed by total homocysteine
measurements. Raised total homocysteine concentrations were present in 17% of the control
population and 21% of the #NOF population, these figures are in good agreement with similar
New Zealand populations (de Jong, Green et al. 2003). The prevalence of raised total
homocysteine concentrations suggests that the high prevalence of deficiency measured by the
serum folate assay is overestimating the prevalence of functional folate deficiency, and
probably reflects low recent dietary intake. The folate concentrations may also have been

affected by inadequate storage of the samples. In this study the #NOF samples were stored at
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-80°C shortly after collection, but the control samples were initially stored at -20°C before
being stored at -80°C. The storage of the control samples may be inadequate to prevent the
degradation of folate. After one month of storage at -20°C Jansen et al. found that measured
serum folate concentrations decreased by 45%, but samples stored at -70°C had much better
stability (Jansen, Schenk et al. 2005). In the populations in the study described in this thesis
the Spearman correlation analysis shows that in both control and #NOF populations total
homocysteine, and serum folate concentrations are significantly negatively correlated. This
correlation has been shown in many other studies (Jacques, Bostom et al. 2001; de Jong,
Green et al. 2003; Wolters, Hermann and Hahn 2003) and as total homocysteine
concentrations are not affected by storage at -20°C (Israelsson, Brattstrom and Refsum 1993),

it would be expected that this correlation would weaken if the folate samples had degraded.

7.4.2 Vitamin B, status

Only 5% of the control population and 7% of the #NOF population had vitamin B,
concentrations below the normal range used at Canterbury Health Laboratories (<120 pM).
This is a lower prevalence of vitamin deficiency than has been previously reported for
community dwelling elderly (Barber, Christie and Cutfield 1989; de Jong, Green et al. 2003).
De Jong et al. found that 13% of Dunedin women aged 70-80 had vitamin B;, concentrations
below 150 pM (de Jong, Green et al. 2003). Green et al. found that 40% of elderly people
(n=466) who took part in the 1997 New Zealand National Nutrition survey had vitamin B,
concentrations less than 221 pM suggesting mild to severe deficiency (Green, Venn et al.
2005). Using a higher cut off will make the assay less specific and makes it difficult to
distinguish between low normal concentrations and deficiency. If 220 pM is applied to the
population recruited for this study then the prevalence of deficiency is increased to 45% in
controls and 57% in #NOF patients. Using a cut off this high over-estimates vitamin B,
deficiency but when used in conjunction with total homocysteine and methylmalonic acid

measurements may better detect functional vitamin B, deficiency.

195





The low prevalence of raised methylmalonic acid (8% in controls and 12.5 % in #NOF
patients) in the populations described in this thesis is consistent with the low prevalence of
deficiency defined by measuring total vitamin Bj,;. Increased methylmalonic acid
concentrations have been previously reported in 24% in free living elderly in the British
National Diet and Nutrition Survey (Bates, Schneede et al. 2003) and 62% of an older
German population (aged 85-102 years) (Herrmann, Schorr ef al. 2000). In other populations
raised methylmalonic acid levels have indicated a greater prevalence of functional vitamin By,
deficiency than that determined by measuring total vitamin Bj,. Joosten ef al. found that 6%
of healthy elderly had vitamin B, concentrations below 103 pM but 30% had elevated
methylmalonic acid suggesting vitamin B, deficiency (Joosten, Vandenberg ef al. 1993). In
the population investigated in the study described here this is not the case, with less than 10%
of the population falling outside the reference ranges for both assays. This suggests that the

concentrations measured by the vitamin B, assay reflect the vitamin status of the population.

7.4.3 Homocysteine concentrations

Trauma such as a #NOF may lower homocysteine concentrations however the affect of
trauma is not fully understood. Studies of patients after stroke or myocardial infarction have
found that total homocysteine concentrations are significantly lower during the acute phase
(defined by increased C-reactive protein increase) than during the convalescence phase
(Lindgren, Brattstrom et al. 1995; Egerton, Silberber et al. 1996; Senaratne, Griffiths and
Nagendran 2000; Howard, Sides et al. 2002). It has not been established if the increase in
homocysteine during convalescence is because the concentrations are originally decreased
from baseline by trauma or if the concentrations increase over time in the convalescence
phase as a consequence of the disease. The affect of hip fracture specifically is not known, but
the concentrations of C-reactive protein were increased in the #NOF population at the time of
sampling, so the homocysteine concentrations measured may be lower. If this were the case,
baseline total homocysteine prior to fracture would be higher than that measured in these
samples and the differences between the two populations may be significant. A higher
prevalence of functional folate deficiency may also be present in the #NOF population than
that detected by comparing the total homocysteine concentrations to a normal range because

of the potential lowering of total homocysteine by the affects of trauma.

196





7.4.4 Betaine concentrations

The mean concentrations of glycine betaine, and carnitine are significantly lower in the #NOF
population than in the controls. The mean glycine betaine concentration for the control
population is in good agreement with that of other populations previously reported (Lever,
Sizeland et al. 1994; Lever, Sizeland et al. 1994). The affect of trauma on the concentration of
these compounds is not known. Glycine betaine concentration is regulated in individuals
despite variable dietary intake, however mean glycine betaine concentrations were
significantly lower in acute admission patients than in control subjects (Lever, Sizeland et al.
1994). This suggests that the low glycine betaine concentrations in the #NOF population may
be a result of trauma. The other betaines would be expected to be influenced in a similar
manner to glycine betaine. The concentrations of N, N-dimethylglycine has previously been
reported to increase in patients with low folate status (Allen, Stabler and Lindenbaum 1993)
however there was no correlation between folate concentrations and N, N dimethylglycine in
the population investigated in this study described in this chapter and despite a high
prevalence of folate deficiency the concentrations of N, N-dimethylglycine were not raised
compared to the control population or the previously reported normal range of Allen et al.

(Allen, Stabler and Lindenbaum 1993).

7.4.5 Markers of functional vitamin deficiency

As a result of the affects of trauma on the analytes the association expected between variable
for the #NOF populations are not found. Some of the associations expected may be weakened
because of low glomerular filtration rates in both populations. Total homocysteine and
methylmalonic acid have been previously shown to increase with decreased renal function
(Rasmussen, Vyberg et al. 1990). In both the populations investigated in this thesis
glomerular filtration rate is a strong predictor of total homocysteine and methylmalonic acid
concentrations. Glomerular filtration rate is an index of renal function in health and disease. It
is difficult to measure so it is estimated from creatinine concentrations, and also takes into
consideration age, sex and ethnicity (Levey, Bosch ef al. 1999). Low glomerular filtration
could explain raised methylmalonic acid and total homocysteine concentrations regardless of

the vitamin status.
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The control population is not affected by trauma and the associations found by multiple
regression models are discussed here. Homocysteine and methylmalonic acid are weak
predictors of each other in the control population, this correlation has been shown previously
(Nilsson, Gustafson and Hultberg 2003) but in studies where the stronger predictors found

here were not measured.

The correlation between vitamin Bj, concentrations and homocysteine in the control
population is weak and not significant, despite previous reports that homocysteine and
vitamin B, are correlated (Carmel, Green ef al. 1999; Nilsson, Gustafson and Hultberg 2003).
This could be attributed to the trauma response in the #NOF population or as suggested by
Wolters et al. could be a result of the high prevalence of folate deficiency in the population
investigated (Wolters, Hermann and Hahn 2003). Supplementation with folate strengthens the
relationship between homocysteine and vitamin Bj, (Jacques, Selhub et al. 1999) so the
converse may be expected when folate concentrations are low as is the case in the population
described here. The association between vitamin B, and methylmalonic acid concentrations
is significant but weaker than expected this is probably attributable to the low prevalence of

vitamin B, deficiency in the control population (Stabler, Marcell et al. 1986).

Multiple regression analysis revealed a strong correlation between glycine betaine
concentrations and total homocysteine concentrations for the control population. In this
population glycine betaine concentration was a stronger predictor of total homocysteine
concentration than serum folate, this association has been previously shown (Holm, Ueland et
al. 2005; Lever, George et al. 2005) and confirms the close association between plasma total
homocysteine and betaine metabolism. Carnitine and glycine betaine are positively associated
in both populations. This association has previously been shown (Dellow, Lever ef al. 1999;
Lever, George et al. 2005) and is probably attributable to the fact that the analytes are
transported by many of the same proteins. Carnitine could affect the activity of betaine

homocysteine methyltransferase, betaine transport or gene expression.
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Other studies have found that there was an association between N,N-dimethylglycine and
homocysteine (Lundberg, Dudman et al. 1995; Lever, George et al. 2005) but this was not the
case for this population. The only variable significantly associated with N, N-dimethylglycine
was glycine Dbetaine. There was not a significant correlation between the
N,N-dimethylglycine/glycine betaine ratio and folate concentrations, which discounts the use
of this ratio as a marker of functional folate. The association between total homocysteine and
the N,N-dimethylglycine/glycine betaine ratio was approaching significance, this has been
shown previously (Lundberg, Dudman et al. 1995; McGregor, Dellow et al. 2001; Lever,
George et al. 2005) however this association is not as strong as the one seen between

homocysteine and glycine betaine concentrations.

7.4.6 Fractures and vitamins and markers

Low concentrations of folate and vitamin Bj, concentrations may increase osteoporetic risk
and the incidence of fracture (Cagnacci, Baldassari et al. 2003; Dhonukshe-Rutten, Lips et al.
2003; Sato, Honda et al. 2005; Tucker, Hannan et al. 2005). In this study there was a higher
prevalence of folate deficiency in the #NOF population but no significant different between
the mean vitamin B, and folate concentrations of the #NOF patients and control group. There
is a lack of consistent results from studies concerned with the relationships between folate,
vitamin By, and fracture which could be a result of variations in populations, such as age and
sex distributions, differences in supplementation of diets, and distributions of the vitamin
concentrations in the populations. Folate may have a direct affect on bone mineral density, as
it is required for DNA damage prevention, oxidative stress reduction, and to prevent apoptosis
(Cagnacci, Baldassari et al. 2003). Vitamin B, is involved with osteoblast activity and bone
formation (Dhonukshe-Rutten, Lips et al. 2003). Elevated total homocysteine and low folate
concentrations have previously been associated with reduced bone mineral density in women
(Gjesdal, Vollset et al. 2006). Bone mineral density was not measured in the study described
in this thesis so it is not possible to tell if the high prevalence of folate deficiency suggest a
causal link. Low vitamin concentrations could just be an indication of poor diet and low

absorption of other nutrients important for bone health.
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In two recent longitudinal studies it was found that high total homocysteine concentrations
increased the risk of fractures (McLean, Jacques et al. 2004; van Meurs, Dhonukshe-Rutten et
al. 2004). In both cases the risk inferred by a raised total homocysteine concentration was
similar to that of other risk factors of osteoporosis. It was expected that the #NOF population
investigated in the study described in this thesis would have raised total homocysteine
concentrations, especially as osteoporosis is a major risk factor for hip fracture and those
particularly at risk of developing osteoporosis, older post menopausal women, are also
predisposed to having high total homocysteine (Wouters, Moorrees et al. 1995). It has been
suggested that the association between the vitamins and fracture risk may be better assessed
using markers of functional vitamin concentrations such as methylmalonic acid and total
homocysteine (Morris, Jacques and Selhub 2005). In the study described in this thesis there
was no significant different between the methylmalonic acid or total homocysteine
concentrations of the #NOF and control populations. This is consistent with the Spanish study
of elderly people of a similar age to those in this study (Perez-Castrillon, Arranz-Pena and
Luis 2004). The lack of significant difference between the #NOF patients and the controls
may be a result of trauma causing a decrease in total homocysteine. Several of the
associations between variables expected in this population were not present, serum folate and
vitamin Bj, concentrations were not consistent predictors of the concentrations of

methylmalonic acid or total homocysteine in the #NOF population.

One indication that there is a difference in homocysteine metabolism between the #NOF
patients and the controls is the significantly different mean glycine betaine concentrations
between the two populations. Glycine betaine has previously been found to be a strong
determinant of post methionine load homocysteine (Ueland, Holm and Hustad 2005), and
fasting total homocysteine concentrations in patients with low folate (Holm, Ueland et al.
2005). This association was not found in the study described in this thesis, probably a result of
the decrease in total homocysteine concentrations believed to occur as a result of trauma.
Despite the high prevalence of low serum folate concentrations in this population there was
no consistent significant relationship between serum folate, glycine betaine or total

homocysteine concentrations in the #NOF population.
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7.5 CONCLUSIONS

In the population of normal healthy elderly described in this thesis, 22% have raised
metabolite concentrations and 35% had lowered serum vitamin concentrations. The results of
this study are confounded by the effects of trauma on the metabolites concentrations in the
#NOF population. In the #NOF population 57% had lowered serum vitamin concentrations
and 28% had raised metabolite concentrations. Because total homocysteine concentrations are
believed to decrease as a result of trauma they will not accurately reflect functional vitamin
status in the #NOF population, and the vitamin status of patients who have suffered recent

trauma should be assessed by alternative methods.

The results of the control population are not affected by trauma and so the associations
between vitamins and markers of functional vitamin status can be investigated. In the control
population total homocysteine concentrations and methylmalonic acid concentrations were
not significantly predicted (as determined by multiple linear regression) by folate or vitamin
B> concentrations. For this population, markers may not be as useful for determining
functional vitamin status as previously claimed, because the concentrations of the metabolites
are influence by renal function which is often impaired in the elderly and will increase with

decreased glomerular filtration rate regardless of vitamin status.

The ratio of N N-dimethylglycine/glycine betaine did not significantly predict folate
concentrations. However in the control population total homocysteine was a weak predictor of
the ratio of these metabolites. To determine the clinical significance of this finding larger
studies would be necessary. Previously in a population of lipid clinic patients the ratio of
N,N-dimethylglycine/glycine betaine was shown to be a predictor of total homocysteine but to
less of an extent than glycine betaine (Lever, George et al. 2005). In the study described in
this chapter the glycine betaine concentration was a strong predictor of homocysteine
concentrations, this shows a close association between plasma total homocysteine and betaine
metabolism. Previously various models were used to show that this association was as strong

as those between homocysteine and folate and creatinine (Lever, George et al. 2005).
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The study described in this thesis was a pilot study and the findings are limited because of the
small sample size, resulting in the study being under powered to show the significance of
many of the relationships between variables. The study design was selected because it was
convenient and feasible to carry out given the time and resources available. The study design
does have some logistic difficulties associated with it. The health and mobility of the #NOF
patients made it difficult to collect some information that would have been beneficial,
including heights and weights for the calculation of body mass index. Study samples were
stored frozen so that all samples could be analysed at the same time, this was done to reduce
between batch variation, however if this approach is used it is important that samples are
stored appropriately to avoid analytes being degraded. Storage at —80 °C prevents the

degradation of the analytes and allows samples to be stored and then run in a single analysis.

Furthermore the results are difficult to interpret because of the effects of trauma on some of
the analytes. Studies of this design are not appropriate to investigate the concentrations of
those metabolites that are affected by trauma, such as total homocysteine. It is impossible to
determine what the concentrations were prior to the trauma. Previous attempts to get an
accurate idea of what the total homocysteine concentrations were before stroke and
myocardial infarction have involved delaying samples collection until after the acute phase
(Egerton, Silberber et al. 1996; Howard, Sides et al. 2002). However the results are still
difficult to interpret as the patient will have had a change in diet whilst hospitalised which
will improve the nutritional status and have an unknown influence on total homocysteine
concentrations. It is also unknown if the rise in total homocysteine concentrations seen in the
convalescence stage of other conditions is a return to baseline or if it is a result of the original
event. There does not appear to be a way around this problem so this study design is best
avoided. Longitudinal studies may be the only way to investigate the differences in functional
vitamin status between those who fracture their hips and those who do not, and to investigate
homocysteine metabolism in relation to fracture risk. This has been the design used by others
who originally proposed the association between #NOF and raised homocysteine

concentrations (McLean, Jacques et al. 2004; van Meurs, Dhonukshe-Rutten et al. 2004).
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The study described in this thesis found that there is a higher prevalence of vitamin
deficiencies in elderly #NOF patients than age matched healthy controls. Trauma confounds
the measurement of markers of functional vitamin deficiency such as total homocysteine so it
1s not possible to draw conclusions regarding the functional vitamin status of the #NOF
population. In the control population a lower prevalence of functional vitamin deficiency was
detected by total homocysteine and methylmalonic acid concentrations than when vitamin B,
and serum folate were measured. Despite the high prevalence of folate deficiency in the
control population the N,N-dimethylglycine/glycine betaine ratio was not significantly
predicted by folate concentrations, hence the ratio is not an appropriate marker of functional

folate deficiency.

The case controlled study design used for this research does not lend itself to investigating the
association between total homocysteine concentrations and glycine betaine in the #NOF
population because of the trauma affects on total homocysteine concentration. There was
however a significant difference between the glycine betaine concentrations of the controls

and #NOF population which requires further investigation.
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7.6 EXPERIMENTAL

Fasting plasma (or serum) samples were prepared whole blood collected into glass tubes
containing EDTA or lithium heparin (or plain) glass tubes and allowed to sit at room
temperature for approximately 30 minutes, followed by centrifugation (1300 x g,10 min;). For
total homocysteine measurement, blood was collected into EDTA tubes and immediately
transferred onto ice followed by centrifugation (1300 x g, 10 min). The supernatant was then
transferred into a 10 x 75 mm clear plastic serology tube ready for analysis. Samples were

stored at at-least -20°C until required.

The following assays were performed at Canterbury Health Laboratories to SO 9002
standards.

Pre-Albumin

Pre-albumin concentrations were measured using the BN* systems following manufacturer’s
instructions (Dade Behring, Newark, Denmark) The pre-albumin forms an immune complex
with the antibody. The protein-antibody complexes scatter a beam of light passed through the
sample. The intensity of the scattered light is proportional to the concentration of the
pre-albumin in the sample.

Albumin

Serum albumin concentrations were measured on the fully automated AEROSET™ System
following manufacturer’s instructions (Abbott Laboratories, Illinois, USA). The Albumin is
bound to bromcresol green to produce a coloured complex. The absorbance of the complex at
628 nm is directly proportional to the albumin concentration in the sample.

Phosphate

Serum phosphate concentrations were measured on the fully automated AEROSET™ System
following manufacturer’s instructions (Abbott Laboratories, Illinois, USA). Inorganic
phosphate reacts with ammonium molybdate to form a heteropolyacid complex. The
absorbance at 340 nm is proportional to the inorganic phosphate concentration.

Calcium

Serum calcium concentrations were measured on the fully automated AEROSET™ System
following manufacturer’s instructions (Abbott Laboratories, Illinois, USA). Arsenazo-III dye
is reacted with calcium in an acid solution to form a blue-purple complex. The colour
developed is measured at 660 nm and is proportional to the calcium concentration in the
sample. Corrected calcium was calculated from calcium and albumin concentrations and is

equal to the concentration of calcium + 0.02x(40-concentration of albumin).

204





C-reactive protein

Serum C-reactive protein concentrations were measured on the fully automated AEROSET™
System following manufacturer’s instructions (Abbott Laboratories, Illinois, USA). The
antigen-antibody between the C-reactive protein in a sample and polyclonal anti-C-reactive
protein antibody results in agglutination. This agglutination is detected as an absorbance
change, the increase in absorbance at 572 nm is proportional to the C-reactive protein
concentration.

Creatinine

Serum creatinine concentrations were measured by a modified Jaffe reaction on the fully
automated AEROSET™ System following manufacturers instructions (Abbott Laboratories,
Illinois, USA). At an alkaline pH, creatinine in the sample reacts with picrate to form a
creatinine-picrate complex. The rate of increase in absorbance at 500 nm due to the formation
of this complex is directly proportional to the concentration of creatinine in the sample.
Glomerular filtration rate was calculated from creatinine concentrations and age using the
MDRD calculator © 2000-20002 based on (Levey, Bosch et al. 1999).

Total Homocysteine

Total homocysteine was measured in plasma with the fluorescence polarisation immunoassay
on an automated AXSYM system (Abbott Laboratories, IL, USA). Bound homocysteine
(oxidised form) is reduced to free homocysteine that is enzymatically converted to
S-adenosyl-L-homocysteine. The S-adenosyl-L-homocysteine and labelled fluorescein tracer
compete for the sites on the monoclonal antibody molecule. The intensity of polarised
fluorescent light is measured by the fluorescence polarisation immunoassay technology
optical assembly.

Serum Folate and vitamin B,

Serum folate and vitamin B;; concentrations were measured by separate competitive
immunoassays on an automated Chemiluminescence ACS:180 analyser (Chiron Diagnostics
Corporation, East Walpole, Mass.).

Methylmalonic Acid

Serum methylmalonic acid was measured by stable isotope internal standard GC/MS on a
Shidmadzu (Kyoto, Japan) QP5000 GC-17A GCMS by the method based on that of Marcell
et al. (Marcell, Stabler et al. 1985).

Glycine betaine and N,N-dimethylglycine

Glycine betaine, and N, N-dimethylglycine were analysed by HPLC as previously described in

chapter three after derivatisation with 2-phenanthrenacyl triflate.
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8 CONCLUSIONS AND FUTURE WORK

8.1 CONCLUSIONS AND FUTURE WORK

In recent years it has been realised that vitamins are associated with ill health to a greater
extent than causing the diseases that are classically recognised to be the result of vitamin
deficiencies (such as scurvy and beriberi) (Challem 1999). There is a greater appreciation of
the health benefits of optimal nutrition and many clinical studies have been undertaken to
determine the relationships between functional vitamin status and disease. Despite this
increased interest, in most cases, the activity of the vitamin dependent enzyme still can not be
measured, as the concentrations of vitamin in blood and urine are not reliable indicators of
whether the tissues are vitamin replete. Assays for markers of functional vitamin status can be
used to further investigate the associations of functional deficiency with disease, and also
enable early detection and appropriate treatment of these deficiencies, which could be

important for treating or preventing diseases.

There are numerous potential markers of functional vitamin status, and the possible research
in this area is vast. In deciding the direction for this research project various metabolites were
considered and preliminary work into the development of assays to determine biotin and
thiamine status was undertaken. This included the development of a binding assay to
determine total biotin concentrations in urine, and an HPLC assay to determine
propionylcarnitine concentrations in plasma as a potential marker of functional biotin status.
Preliminary work was also carried out towards the development of a CE assay for thiamine
and its phosphate esters. The direction of this project was orientated towards developing
assays for N, N-dimethylglycine and glycine betaine to enable the investigation of the ratio of
N,N-dimethylglycine/glycine betaine as a marker of functional folate status and because of the
research group’s interest in betaine metabolism and its relation to one carbon metabolism (de
Zwart, Slow et al. 2003; Slow, Lever et al. 2004; Lever, George et al. 2005; Slow, Donaggio
et al. 2005).
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To assess the potential of the N,N-dimethylglycine/glycine betaine ratio as a marker of
functional folate status is was necessary to first optimise the available assay so that these
compounds could be measured in plasma. HPLC separation on alumina columns was found to
be the most affective method, enabling N,N-dimethylglycine and glycine betaine to be
separated from the other components of plasma within 60 minutes. Limits of detection for this
assay were enhanced by the synthesis and use of 2-phenanthrenacyl triflate for the
derivatisation of the analytes. Detection limits for glycine betaine and N, N-dimethylglycine
were 0.04 uM and 0.08 uM respectively The increased sensitivity also meant that a simpler
sample preparation could be used, removing the need for the samples to be extracted prior to

derivatisation and shortening sample preparation time.

Other techniques were investigated for the separation of N,N-dimethylglycine and glycine
betaine as the HPLC assay was not ideal for routine clinical use because of long run times,
and high solvent use. CE and NMR spectrometry are not as convenient to use as HPLC, but
do offer the advantages of shorter run times and in the case of the NMR assay the samples do
not need to be derivatised. '"H NMR spectrometry can be used to quantify glycine betaine and
N,N-dimethylglycine in urine in less than five minutes for each sample; however, the method
has not been applied to plasma. "H NMR spectrometry is useful to analyse a limited number
of samples, but the technique is time consuming for large batches of samples, as the available
instrumentation is not automated. The limit of detection for the 'H NMR assay is also much
higher than the HPLC assay but is adequate to detect raised concentrations in urine. Whilst
standards could be successfully separated by CE, betaine derivatives in plasma or urine
samples could not be separated from other components of the sample and sensitivity was
poor. At this point HPLC is the most easily accessible and widely applicable method for the

quantification of glycine betaine and N, N-dimethylglycine in biological samples.

An HPLC assay to quantify propionylcarnitine concentrations in urine was developed by
modifying the assay used to measure glycine betaine and N, N-dimethylglycine. The limit of
detection for propionyl carnitine is 0.78 uM, which is adequate to determine
propionylcarnitine concentrations in the urine of biotin replete individuals. Concentrations of
propionylcarnitine during biotin deficiency would be expected to increase, but this assay has

not yet been validated as a marker of functional biotin status.

211





Blood samples were collected from fifty-six elderly patients who had been admitted to
hospital with #NOF and sixty healthy elderly volunteers who had never had a #NOF. This
study was designed to determine the usefulness of measuring markers of functional vitamin
deficiency and if the prevalence of functional vitamin deficiency in the #NOF population was
greater than the control population. In addition to the vitamin status of the population this
study also investigated the link between homocysteine and #NOF, specifically it is the first
study described which measured the glycine betaine concentrations in #NOF patients. The
results are difficult to interpret because of the impact of trauma on the concentrations of many
of the analytes. Importantly the concentrations of total homocysteine are believed to decrease
with trauma so this compound is not a useful marker of functional vitamin deficiency under
these circumstances. The control population is not affected by trauma and show that the
prevalence of functional vitamin deficiency detected by the markers such as homocysteine
and methylmalonic acid are lower than the prevalence of vitamin deficiency detected by

measuring total vitamin B;, and serum folate.

In the control population the association between total homocysteine and glycine betaine was
stronger than that between homocysteine and serum folate, despite the fact that there is a high
prevalence of folate deficiency in the population. The ratio of N,N-dimethylglycine/glycine
betaine was not strongly predicted by folate concentrations which indicates that this ratio is
not useful to determine functional folate status, however the association between the ratio and
homocysteine is approaching significance. The associations that were found in this population
reflect the strong associations between homocysteine and glycine betaine metabolism and

require further investigation.

As a result of the influence of trauma, case-control studies such as the one described in this
thesis are not appropriate for investigating the associations between markers of functional
vitamin deficiency and vitamins, nor are they useful for investigating total homocysteine and
glycine betaine concentrations in #NOF patients. Longitudinal studies may be the only way to
investigate the biochemical differences between those with #NOF and those without, as this
study design would overcome the influence of trauma on the analyte concentrations.
Longitudinal studies were used by others who originally proposed the association between
#NOF and raised total homocysteine concentrations (McLean, Jacques ef al. 2004; van Meurs,
Dhonukshe-Rutten et al. 2004). The case control study described here was designed because it

was feasible within the time constraints of a Ph.D. A longitudinal study would require

212





following the participants for a number of years and is beyond the scope of a Ph.D. project,

unless appropriately stored samples from a well documented longitudinal study are available.

If a longitudinal study was carried out, or if samples were available from an appropriate study,
there are additional assays that would be of interest to determine the nutritional status of this
population. Other assays for markers of functional vitamin status which are available, but not
currently measured at Canterbury Health Laboratories, include 3-hydroxyisovaleric acid as a
marker of biotin status, protein induced by vitamin K absence as a marker of vitamin K status,
and cystathionine as a marker of vitamin Bg. Literature methods or commercial kit sets are
available for these compounds so setting up these tests should be relatively straightforward.
Furthermore there are assays available at Canterbury Health Laboratories that could be used
to measure vitamin D, vitamin K, thiamine, vitamin Bg. In a study of #NOF patients, bone
mineral density and methylenetetrahydrofolate reductase genotype would also be interesting
parameters to include in the models. It would also be desirable to measure glycine betaine and
N,N-dimethylglycine in urine so that glycine betaine metabolism could be more thoroughly

investigated.

The study carried out in this thesis has highlighted the importance of understanding the affects
of trauma on the analytes of interest. In this case there is limited data regarding the trauma
affects on total homocysteine and glycine betaine concentrations. Total homocysteine
concentrations are lower in the acute phase of myocardial infarction and stroke (Lindgren,
Brattstrom et al. 1995; Egerton, Silberber et al. 1996) and this may also be true for #NOF.
Some information regarding the affects of trauma on the analytes could be gained by recalling
some of the #NOF patients and re-testing the analyte concentrations. Understanding the
affects is important when planning future studies, because, as shown here, some study designs

are not appropriate if analytes are affected by trauma.

The demand for assays to quantify N, N-dimethylglycine and glycine betaine will increase as
more studies investigate homocysteine metabolism in many populations. To meet this demand
more rapid, preferably automated, assays are desirable. CE techniques have the potential to
provide faster analysis of many compounds, and assays could be developed further. The use
of NMR spectroscopy could be extended to measure more analytes, including carnitine and
potentially propionylcarnitine in urine. With improved sensitivity, NMR spectroscopy could
also be used to quantify the compounds in plasma. This assay would be faster than the

existing HPLC assay, however the instrumentation is currently not easily available and it is
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not automated so the analysis is time consuming. Long term, automated high resolution NMR
spectrometry may be realistic for clinical laboratories however currently capital costs are

prohibitive.

This thesis describes attempts to develop assays that can be used in a clinical setting for the
determination of folate, biotin and thiamine status. However there is a huge amount of scope
for other assays with better analytical parameters to be developed. Tests that measure vitamin
status will have a place in a wide range of clinical studies, and intervention trials, and this
research will increase the understanding of the associations between functional vitamin
deficiencies and disease. Better understanding of vitamin deficiencies and improved analytical
methods can lead to enhanced diagnosis and better treatment and so improve the general

health of the population.
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