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Two experiments involving early weaned pigs were conducted to determine factors that

affect homocysteine metabolism. The first experiment examined the effects of cobalamin

deficiency on plasma homocysteine and cysteine levels (total, free, and bound) in both

the fed and fasted states. The second experiment focused on the development of a whole

body piglet model to quantify serine flux through the transsulphuration pathway. In the

first experiment, total plasma homocysteine levels were increased in the cobalamin

deficient pigs relative to controls in both the fed (29.19 vs. 23.42 ¡rmol L-l SEM : I .04)

and fasted states (25.26 vs.23.44 ¡rmol L-r). The increase was due to the free plasma

homocysteine fraction. Total cysteine values were not affected by either feeding state or

dietary treatment. However, free cysteine values were higher in the fed state (141.47

¡rmol L-r) compared with the fasted state (1 18.75 pmol L-t¡ . In the second experiment

IlaC] serine was first used for piglet infusions based on results from recovery trials.

Mean plasma serine concentration was 347 + 21 nmol ml.-l while mean flux was 1.53 x

rc6 + 6.02x 10s nmol(kg*hr)-t. As radioactivity in serine was low, the isotope was

switched to [3f{ serine for the second set of infusions. The mean plasma serine value

was 525 + 118 nmol ml,-l and mean liver serine value was 457 + 75 nmol g-1. Isotopic

steady state was obtained within 0.75 hours of the infusions, which lasted 4 hours. The

mean plasma specific radioactivity (SRA) plateau was 33 + 10 DPM nmol-l and flux was

1.89 x i06 + 6.53 x 10s nmol (kg*h¡)-t. The mean liver SRA plateau (12.2 t2.5 DPM
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nmol-r) was signiflcantly lower than plasma, which caused flux to be higher (4.99 x 106 +

1.47 x 106 nmol (kg*h)-t. No ¡3lll cysteine enrichment could be detected due to the fact

that [3H] serine was extremely diluted from the plasma to the liver. The infusions were

repeated a second time, using higher doses, and again, no radioactivity could be detected

in cysteine. Using data from both infusion experiments with [3H] serine, a positive

correlation (0.82) was found between plasma and liver SRA. These results help to

explain the absence of ¡3H1 cysteine, due to dilution of labeled serine in hepatocytes, the

immediate precursor for cysteine formation. In conclusion, the results confirm the

sensitivity of plasma homocysteine to cobalamin status in pigs, with the novel fìnding

that free homocysteine levels may be a more sensitive indicator. The data from the serine

infusion trials provide evidence of sustained (>80%) dilution of hepatic serine, and

explain the lack of measurable activity in hepatic or plasma cysteine. However, the data

provide necessary background information for the further development of tracer models

aimed at quantifuing transsulphuration rates in vivo.
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Homocysteine is a sulphur amino acid formed in the body solely through the

metabolism of methionine (Finkeistein, i990). Methionine, an indispensable amino acid,

undergoes a series of transformations and reactions, in what is known as the methionine

cycle, in which the sulphur atom of methionine is transferred to serine to form cysteine.

Homocysteine is formed in the methionine cycle as an intermediary metabolite of

methionine. The irreversible catabolism of homocysteine leads to the formation of

cysteine or, altematively, homocysteine can be remethylated to form methionine.

Sulphur amino acid balance is important in swine nutrition due to the high costs

of protein supplementation in diets of segregated early-weaned (SEW) piglets. As well,

sulphur excretion results in the formation of hydrogen sulphide gas due to the bacterial

metabolism of sulfur-containing compounds in the excreta of pigs. Determining sulphur

amino acid balance, beginning specifically with factors affecting homocysteine

metabolism, would allow for the improvement of feeding strategies for SEW piglets. The

optimum supply of sulphur amino acids is critical for growth and immune function and

should lead to the reduction of excess sulphur. The benefits are two-fold, via improved

performance and decreased production of hydrogen sulphide gas.

Sulphur amino acids play an important role in immunonutrition. Sulphur amino

acid insufficiency, in the presence and absence of an inflammatory stimulus, wil.l

compromise glutathione s5mthesis (Grimble and Grimble, 1998). This may result in

compromised antioxidant defenses and the exertion of a pro-inflammatory influence. In

addition, intracellular glutathione concentrations will affect the functioning of T cells

1.0 INTRODUCTION
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which therefore makes their ability to perform optimally dependent on the proper balance

of sulphur amino acids.

In human nutrition, elevated plasma concentrations of homocysteine is associated

with an increased risk of cardiovascular disease and neural tube defects. However, the

precise mechanisms whereby homocysteine exerts its pathological effects remains yet

unclear. The development of a whole-body model to quantifu the flux of homocysteine

through various tissues and into the blood may be useful in the further determination of

these mechanisms.



2.1 IIOMOCYSTEINE METABOLISM

2.1.I THE METHIONINE CYCLE

The catabolism of methionine through the methionine cycle (Figure 1) signifies

the only mechanism of homocysteine synthesis within the body. In addition, food

contains only trace amounts of homocysteine, since tissue levels are low in plants and

animals, and therefore methionine is the only dietary precursor of homocysteine (Green

and Jacobsen, 1995). Following the initial breakdown of methionine through the

transmethylation pathway, there are two major metabolic routes homocysteine can

follow, due to its placement at the intersection of the remethylation and transsulphuration

pathways (Finkelstein and Mudd, 1967). The transsulphuration pathway will eventually

lead to the formation of cysteine, while remethylation of homocysteine will regenerate

methionine (Green and Jacobsen, 1995). A description of the components of the

methionine cycle follows.

2.1.1.1 TRANSMETHLYATION

Methionine metabolism begins with the formation of the high-energy sulfonium

compound S-adenosylmethionine (SAM) (Finkelstein and Mudd, 1967). SAM is the

predominant biological methyl group donor (Finkelstein and Mudd, 1967) and also plays

an important roie in the regulation of homocysteine metabolism, as discussed later. The

conversion of methionine to SAM is catalyzed by methionine adenosyltransferase, which

transfers the adenosyl moiety of ATP to the sulfur atom of methionine (Stipanuk, 1986).

2.0 R-EVIE\ry OF THE LITERATURE
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SAM is also the precursor of decarboxylated SAM, which is the aminopropyl donor for

polyamine biosynthesis (Stipanuk, 1986, Green and Jacobs en, 1995; Selhub, 1999). S-

adenosylhomocysteine (SAH) is the product of the transmethylation reactions and this is

subsequently hydrolyzed to adenosine and homocysteine via the enzyme SAH hydrolase

(House et a1., 1999; Green and Jacobsen, 1995). This reaction is reversible with the

equilibrium constant of the reaction favoring SAH synthesis (De La Haba and Cantoni,

1959). Removal of both adenosine and homocysteine will shift equilibrium in favor of

hydrolysis, which is essential due to the fact that SAH is a potent inhibitor of

methyltransferase reactions (Stipanuk, 1986; House et a1., 1999). A key

methyltransferase enzyme is the catalyst of the SAH-forming reaction from SAM. It

catalyzes the methylation of glycine by SAM to form.ð/-methylglycine (sarcosine) and

SAH (Yeo and Wagner, 1994). Glycine i/-methyltransferase is important to the overall

regulation of sulphur amino acid metabolism through a variety of functions including

maintaining the SAIvíSAH ratio, which is essential in a variety of reactions. It is

involved in the methylation of molecules, the binding of 5-methyltetrahydrofolate

polyglutamate endogenousiy, and is also one of the cytosolic folate-binding proteins (Yeo

and Wagner,1994). Glycine i/-methyltransferase activity will become inhibited when

bound to folate and this is a mechanism for linking the de novo synthesis of methyl

groups (through the one-carbon folate pool) to the availability of dietary methionine (Yeo

and Wagner,1994). The final steps of the transmethylation pathway include adenosine,

through adenosine deaminase, to be further metabolized to inosine (Green and Jacobsen,

1995) while homocysteine removal proceeds through either the transsulfuration or

remethylation pathway.



2.1.1.2 REMETHYLATION

In this pathway, homocysteine can be remethylated to methionine in the reaction

calalyzed by l/s-methyl-tetrahydrofolate-homocysteine methyltransferase (EC 2.1.1 .13)

or by the enzyme betaine:homocysteine methyltransferase (BHMT) (EC 2.1.1 .5)

(Finkelstein et al. 1971). The reaction catalyzedby i/s-methyl-tetrahydrofolate-

homocysteine metþltransferase can be carried out in all mammalian tissues (Keating et

al., 1985). In vitro enzlme assays first carried out by Finkelstein et al. (1971) showed an

absence of this en4lme in the small intestine. However, more recent studies by Keating

et al. (1985) have detected activity in intestinal mucosal cells of the rat and explain the

original failure to detect activity in the small intestine to be caused by the breakdown of

the enzyme by intestinal proteases. Protease inhibitors are now used to prevent this and

as such, N5-methyl-tetrahydrofolate-homocysteine methyltransferase activity has been

detected.

Finkelstein et al. (1971) also determined the specific activity of i/5-methyl-

tetrahydrofolate-homocysteine methyltransferase to be highest in the kidney. At one time

it was believed, by many investigators, that,M5-methyl-tetrahydrofolate-homocysteine

methyltransferase was less important in the regulation of methionine metabolism than

betaine:homocysteine methyltransferase (Finkelstein et al., l97I). However, studies by

Finkelstein et al. (1971) have demonstrated both enzJmes are employed in the

remethylation portion of the methionine cycle and with the exception of the liver,

remethylation may utilize i/s-methyl-tetrahydrofolate as the methyl donor rather than

betaine. However, House et al. (1997) has provid ed in vitro evidence that suggests the

transsulphuration pathway may be the primary route of homocysteine metabolism in the
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kidney. Further in vivo studies demonstrated that the role of 1/5-methyl-tetrahydrofolate-

homocysteine methyltransferase in the remethylation pathway was not essential in the

renal metabolism of plasma homocysteine during acute hyperhomocysteinemia (House et

a1., 1998).

Using 5-methyltetrahydrofolate as a methyl donor and methylcobalamin as a

tightly bound coenzyme, l/5-methyl-tetrahydrofolate-homocysteine methyltransferase

regulates the de novo synthesis of methionine methyl groups from one-carbon units in the

tetrahydrofolate coenzyme system (Stipanuk, 1986). After the methyl transfer is

complete the net result is the conservation of the 4-carbon moiety and the sulfur atom of

methionine (Finkelstein and Mudd, 1967).

The activity of.n/s-methyl-tetrahydrofolate-homocysteine methyltransferase is

dependent upon several variables. Age, hormone interactions, and diet will all contribute

to the specif,rc activity of this enzyme (Finkelstein et al., l97r). Generally as age

increases, specific activity of the enzyme decreases. Hormones will affect the activity in

tissues other than the liver but the effect (an increase or decrease in specific activity) is

dependent on the type of hormone injected and their interaction with the different tissues.

For example, growth hormones will decrease specific activity by 60% in the kidney while

estrogen injections can increase it by lsl%(Finkelstein et a1., IgT l). The effect of diet

on the specific activity of Ns-methyl-tetrahydrofolate-homocysteine methyltransferase is

an important consideration as a control mechanism for methionine resynthesis and

homocysteine metabolism. The studies of Finkelstein et al. (1971) have shown that the

activity of this enzyme is increased by protein restriction and suppressed by both dietary

methionine supplements and acute methionine administration. As well, under appropriate



experimental conditions, cystine feeding may also suppress the specifìc activity.

Inhibition of À/s-methyl-tetrahydrofolate-homocysteine methyltransferase will interfere

with the regulation of the remethylation pathway. This mechanism is through the SAM-

dependant regulation of the cellular levels of 5-methyl-tetrahydrofolate (Baneq'ee and

Matthews, 1990), as will be discussed in a proceeding section. This will lead to a

redistribution of cellular folate derivatives and a decrease in total intracellular folate

levels (Banerjee and Matthews, 1990). Thus, not only is À/s-methyl-tetrahydrofolate-

homocysteine methyltransferase essential for homocysteine metabolism and methionine

regeneration, it is also crucial to folate metabolism and eventually nucleotide

biosynthesis.

B etaine:homocysteine methyltransferase, which mediates the alternate

remethylation pathway, has a varied organ distribution dependent on the species

(McKeever et a1.,1991). As reported by Finkelstein et aI. (1971), significanr activity of

this enzyme is found in the liver alone in the rat. In monogastric species, such as the pig,

the kidney and liver are the primary sites of BHMT expression (Finkelstein et al.,l97l).

However, studies have shown that humans have an even higher specific activity of

BHMT in the kidney as compared to the liver (Mudd et al., Lg69). McKeever et al.

(1991) have demonstrated enzqeactivity in both the kidney and liver of pigs and

humans, although activity was significantly higher in the liver of both species which is in

contrast to the findings of Mudd et al. (i969). The sfudy of McKeever et al. (1991) also

demonstrated a complete absence of any activity for this enzymein the brain of rats, pigs,

and humans.
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As with Ns-methyl-tetrahydrofolate-homocysteine methyltransferase, BHMT

activity is also subject to influence by diet and hormones, but not by age to a large extent.

Finkelstein et a1. (1971) found that hydrocortisone caused a 3-fold increase in hepatic

BHMT and alloxan caused an increase of approximately half that amount while a marked

decrease was observed when L-thyroxine was administered. In looking at the response of

BHMT to diet, it was demonstrated that the activity of the enryrrre is induced by protein

and methionine supplementation and reduced by dietary methionine restriction

(Finkelstein et al.,I97l). This suggests that BHMT is activated by the requirement to

metabolize homocysteine rather than the need to synthesize methionine. In a study by

Emmert et al. (1998) it was found that hepatic and renal BHMT activity did not increase

under methionine-defìcient conditions in pigs which concurs with the previous study but

is in contradiction to other studies (Finkelstein et al., 1982 and Emmert et al., 1996).

Interestingly, the specific activity of hepatic BHMT in pigs fed a methionine-adequate

diet in the study of Emmert et al. (1998) was higher than that reported for rats and chicks

fed similar diets in studies by Finkelstein et al. (1982) and Emmert et al. (1996)

respectively. Emmert et al. (1998) hypothesizedthatpigs may have a higher baseline

activity of BHMT in the liver and as such there is no need to increase activity under

conditions which may do so in other species. The basis for this hypothesis is derived

from the renal BHMT activity observed in the study by Emmert et al. (1998) which was

higher than values reported for rats in previous studies (Finkelstein et al., 1971, and

Emmert et al., 1996). Some of the contradiction between various studies can be

attributed to the differences in methods used and whether a study is performed in vívo or

in vitro. As Finkelstein et al. (1971) states, the effects of dietary changes on the in vivo
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activities of BHMT are likely more complex than the measurement of the tissue levels of

the enzymes indicates.

In this alternate remethylation reaction, the conversion of homocysteine and

betaine to methionine and dimethylglycine is catalyzed by BHMT (Stipanuk, 1986 and

Green and Jacobsen, 1995). Betaine, a methyl donor, is a metabolite of choline

metabolism (House et aL.,1999). Both mechanisms of remethylation allow methionine to

be regenerated through the conservation of the carbon skeleton and sulfur atom from the

original methionine compound (House et al., 1999).

2.1.T.3 TRANSSULPHURATION

The catabolism of homocysteine begins with the condensation of serine with

homocysteine to form cystathionine (Selhub, 1999; House et al., 1999). This irreversible

reaction is catalyzed by the B6-dependent enzyme cystathionine-B-synthase (Selhub,

1999, Stipanuk, 1986; House et al., 1999). It is the irreversibility of this reaction which

prevents cysteine from serving as a precursor of methionine (Finkelstein, 1990).

Cystathionine is hydrolyzedby another B6-dependent enzyme, cystathionine-y-lyase, to

form cysteine, o-ketobutyrate, and NH¿* (Cooper, 1983). Cysteine can be utilized for

protein and glutathione synthesis while excess cysteine is oxidized to taurine or inorganic

sulfates or is excreted in the urine (Selhub, 1999). a-ketobutyrate is further oxidized to

provide an anaplerotic mechanism for the TCA cycle (House et al., 1999).

Research carried out by Mudd et al. (1965) suggests there are only three tissues in

mammals in which the transsulphuration pathway can be actively utilized due to the

distribution of the enzymes involved in this pathway. The liver, pancreas, and kidney all

posses significant levels and activity of the three enzymes necessary for transsulphuration
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to occur: methionine adenosyltransferase, cystathionine-B-synthase, and cystathionine-y-

lyase. Pig hepatic tissue does possess activity in all three enzymes (Mudd et al., i965).

Although other tissues in the rat were found to have high levels of the three enzymes,

including adipose tissue, brain, mucosa of the small intestine, and adrenal tissue, they

were found to be low in one or more of these activities (Mudd et a1., 1965).

2.2 REGULATION OF HOMOCYSTEINE METABOLISM

Both nutrition and the concentration of pathway intermediates contribute to the

regulation of homocysteine metabolism (House et al., 1999). In tissues that have an

active methionine cycle and transsulfuration pathway, such as the mammalian liver, SAM

plays a key role in regulating the flow of homocysteine towards remethylation or

transsulfuration (Green and Jacobsen, 1995). Following methionine consumption, SAM

levels become elevated. Elevated SAM levels will activate cystathionine-B-synthase as

well as allosteric inhibit methylenetetrahydrofolate reductase (MTHFR) (Green and

Jacobsen, 1995 and Selhub, 1999). Thus, a greater proportion of homocysteine will be

diverted to the transsuifuration pathway due to the ability of SAM to suppress the

synthesis of N-5-methyltetrahydrofolate, required for remethylation, and to promote the

initial reaction of transsulfuration (Selhub, 1999 and Green and Jacobsen, 1995). SAM is

also a negative effector of betaine:homocysteine methyltransferase, therefore both

remethylation pathways would have limited activity (Green and Jacobsen, 1995). As

well, SAH also activates cystathionine-p-synthase to aid in shunting excess homocysteine

toward the transsulfuration pathway (House et al., 1999). This may also control

excessive SAH accumulation and the inhibition of transmethylation (House et al, 1999).
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Another mechanism whereby remethylation and transsulfuration are regulated

involves the intracellular SAM concentration (Selhub,1999). SAM synthesis is

catalyzed by two enzymes in the liver which function under different physiological

conditions, with respect to low and high dietary methionine intake. Therefore, dietary

intake will affect changes in intracellular methionine and thus the rate of SAM synthesis

based on the activity of the sAM synthetase enzymes (selhub, 1999). However,

according to Green and Jacobsen (1995) regulation of the methionine cycle and

transsulfuration pathway is achieved not only by SAM, but also by tissue levels of

individual en4lmes, induction of their synthesis by hormones and dietary methionine and

perhaps by the action of other effector molecules.

As discussed earlier, age, diet, hormones, and genetic disorders witl all affect the

activity of enzymes in the methionine cycle. In most instances, weanling rats had the

highest specific activities of the enzymes in the transmethylation and transsulphuration

pathways, as compared to suckling and older rats (Finkelstein,1967). Thus, this would

likely indicate that weanling pigs may have high enzyme activities in these pathways as

well. However, this still needs to be determined in the pig. Studies are currently in

progress by House and Ballance to study the development of enzymes in the

transmethylation and transsulphuration pathways in piglets from birth to weaning. In

terms of diet, there are a few interesting things to note. In rats fed a low methionine diet,

cystine feeding diminishes the liver content of cystathionine-B-synthase by 40 to 50%o,

but BHMT is not affected, and cystathionine-B-synthase activity is restored when

additional dietary methionine is consumed (Finkelstein and Mudd, 1967). This leads to a

sparing effect of cystine of about one-third to two-thirds of the methionine required for
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gro\Mth. This, in turn, will affect the distribution of methionine between transmethylation

(and ultimately transsulphuration) and protein synthesis. In other words, with a low

dietary methionine supply, more homocysteine will be directed towards the remethylation

pathway to produce methionine because the ingestion of cystine will provide for any

protein synthesis needs otherwise provided for by the transsulphuration pathway.

Finkelstein and Mudd (1967) attribute the cystine effect to repression of enzyme

synthesis. As well, serine (and threonine) dehydratase in rat liver shows marked changes

in response to dietary manipulations and endocrine factors (Mudd et al., 1965). This is

important, as serine metabolism is part of the transsulphuration pathway. At one point, it

was thought that serine dehydratase, threonine dehydratase, and cystathionine-B-synthase

were all properties of a single eÍtryme but further investigation found neither serine

dehydratase nor th¡eonine dehydratase activity to be catalyzedby cystathionine-B-

synthase (Finkelstein and Mudd, 1967).

2.2.1 ROLE OF VITAMINS IN THE REGULATION OF HOMOCYSTEINE
METABOLISM

2.2,T.1EFFECT OF FOLATE DEFICIENCY ON HOMOCYSTEINE METABOLISM

Folate-requiring reactions, or one-carbon metabolism, are involved in phases of

amino acid metabolism;purine and pyrimidine synthesis, and the formation of SAM, the

primary methyiating agent (Bailey and Gregory,1999). The polyglutamyl form of

tetrahydrofolate (THF) is the central folate acceptor molecule with the principle function

of folate coenzymes being to accept or donate one-carbon units (Bailey and Gregory,

1999). During remetþlation of the methionine cycle, folate, in the form of 5-

methyltetrahydrofolate, is a cosubstrate in the conversion of homocysteine to methionine

by i/s-methyl-tetrahydrofolate-homocysteine methyltransferase (Green and Jacobsen,
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1 995). Methylenetetrahydrofolate reductase (MTHFR) reduces 5, I 0-methylene-THF to

5-methyl-THF of which the N-5 methyl group can only be used metabolically for transfer

to homocysteine (Bailey and Gregory, 1999). In the l/s-methyl-tetrahydrofolate-

homocysteine methyltransferase reaction, a methyl group is removed from 5-methyl-THF

and is sequentially transferred to the vitamin Bpcoenzlme before being transferred to

homocysteine, thus forming methionine (Bailey and Gregory, 1999). THF is also

regenerated during this reaction which is then converted back to 5,i0-methylene-THF.

This step employs serine as the major carbon source whereby a one-carbon unit is

transferred from serine to THF by vitamin B6 dependent serine

hydroxymethyltransferase, thus forming 5, 1 O-methylene-THF and glycine (B ailey and

Gregory, 1999).

Approximately 50%o (up to 80% depending on the dietary content of methionine

and choline) of the homocysteine generated is remethylated, therefore a folate deficiency

decreases homocysteine conversion through this pathway resulting in elevated serum

homocysteine concentrations (Bailey and Gregory,1999; Green and Jacobsen, 1995).

Additionally, reduced remethylation causes depressed synthesis of methionine and will

lead to a decrease in intracellular SAM concentration, which is needed to activate

cystathionine-B-synthase (Selhub ,l9gg). Due to this defective remetþlation, more.

homocysteine will be diverted towards the transsulphuration pathway, but according to

the findings of Miller et al. (1993) homocysteinaemia will still develop. This is because

SAM's regulation of the pathway has been impaired and so it fails to function as an

activator of homocysteine catabolism through cystathionine synthesis (Miller et al.,

1993). In relation to this, a lack of N-5-methyl-THF will allow the enzyme giycine N-
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methyltransferase, catalyzing the reaction where the methyl group of SAM is transferred

to the amino group of glycine, forming sarcosine and SAH, to be fully active (Selhub,

1999). This will further decrease SAM concentration and increase the synthesis of

homocysteine as a by-product of glycine methylation. As a result, the transsulphuration

pathway becomes ineffective for two reasons: the increased homocysteine burden along

with a SAM concentration too low to activate cystathionine synthesis (Selhub, lggg).

Another consideration is that SAH concentration would also tend to increase in

poor folate status due to impairment of methyl group synthesis and homocysteine

remethylation (Bailey and Gregory, L999). The resulting product inhibition by SAH

would then suppress many of the SAM-dependant methyltransferase reactions.

2.2'r.2 EFFECT oF A VITAMIN BT2DEFICIENCY oN HoMoCysrEINE
METABOLISM

Vitamin 812, in the form of methylcobalamin, is essential for remethylation as it

functions as an essential cofactor for methionine synthase (Green and Jacobsen, 1995).

This co-dependence of methionine synthase on both folate and vitamin B¡2 is the

explanation for the same hematological abnormalities that result from a single deficiency

of either vitamin (Bailey and Gregory,1999). In addition, a vitamin B¡2 deficiency can

have far reaching effects in conjunction with folate metabolism. The metþl trap

hypothesis proposes that once the folate cofactor 5-methyl-THF is formed by the enzyme

5,1O-methylene-THF reductase, the only way for the cofactor to be recycled to

tetrahydrofolate is through the vitamin 812-dependant enryme methionine synthase

(Scott, i999 and Selhub and Rosenberg,1996). This is due to the irreversibility of the

5,1O-methylene-THF reductase reaction. When there is compromised methionine
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synthase activity, due to a lack of vitamin B¡2, the cellular folates will gradually become

trapped as 5-methyl-THF (Scott, L999). In this case, the cell will suffer from a

resemblance of folate deficiency because although the cell has adequate folate, it will be

trapped in a form that cannot be used for DNA biosynthesis (scott, lggg).

A modified version of the methyl trap hypothesis was put forward by Scott and

Weir to account for reports that large doses of folic acid could ameliorate the

hematological symptoms observed in a vitamin 812 deficiency but may mask or

precipitate neurological manifestations (Selhub and Rosenb erg, 1996). This hypothesis

states lhat a cell will respond to a low methionine level by increasing

methyltetrahydrofolate synthesis. This is because SAM is also at a low levei and

therefore cannot inhibit this reaction resuiting in folate coenzymes being diverted away

from nucleic acids synthesis and toward increased methionine synthesis (Selhub and

Rosenberg, 1996). The absence of the folate coenzymes that are needed for nucleic acid

synthesis will result in the cessation of cell proliferation, or megaloblastic anemia

(Selhub and Rosenberg,lgg6), and the limited methionine will be directed to methylation

reactions, including brain myelín, and the large doses of folic acid will be able to provide

the necessary coenzymes for nucleic acid synthesis and cell proliferation. This increase

in cell proliferation will divert the limited methionine supply away from metþlation

reactions once again and toward protein building blocks for the newly formed cells.

Therefore, in this situation brain myeiin may become increasingly unmethylated (Selhub

and Rosenberg, 1996).

Although homocysteinemia will develop in cases of impaired remethyiation due

to either folate or vitamin 812 deficiency, Selhub (1999) believes that it may not be as
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severe as that observed in defective N-5-methyl-THF synthesis because transsulphuration

will play a larger role in homocysteine catabolism. The reasoning is that despite

decreased sAM synthesis, due to vitamin 812 deficiency, intracellular sAM

concentrations may be less affected because the accumulated N-5-methyl-THF will

inhibit the utilization of SAM in glycine methylation. Consequently, SAM will

synthesize less homocysteine and at the same time be able to partly activate cystathionine

B-synthase, allowing for the breakdown of some excess homocysteine (Selhub,Iggg).

However, this theory needs to be tested in order to determine whether a vitamin 812

deficiency will impact cystathionine p-synthase activity and consequently the

transsulphuration pathway. Therefore, Manuscipt I of this thesis was developed to

measure some of the variables that may impact transsulphuration under conditions of a

vitamin B¡2 deficient dietary treatment. The data will help to further develop the

relationship between vitamin B¡2 deficiencies and the flux through the transsulphuration

pathway, under conditions of impaired remethylation.

2.2.1.3 EFFECT OF A VITAMIN B6 DEFICIENCY ON HOMOCYSTEINE
METABOLISM

The transsulphuration pathway includes two reactions which both require vitamin

86 in the form of pyridoxal phosphate (Green and Jacobsen, 1995). Because a nutritional

deficiency of pyridoxine in humans is rare, it is not clearly defined how important this

deficiency might be in causing basal hyperhomocysteinemia (Stabler et al., 1997). One

study of elderly subjects on a vitamin B6-deficient diet only revealed one person with

elevated homocysteine levels (Stabler et al.,I99l). In contrast, animal studies have

shown that in vitamin Bo-defiôiency, postmethionine load homocysteine levels are quite

elevated, although basal homocysteine is often not increased (Stabler et al,1997).
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Vitamin B6 deficiencies also have no corrunon clinical syndromes that have been

described, unlike both folate and cobalamin deficiency syndromes which are fairly

common and clinically characterized (Stabler et al., 1997).

A study by Stabler et al. (1997) showed that when a vitamin B6-deficient diet

was fed to rats, cystathionine levels increased but total homocysteine did not. This is

interesting because both cystathionine-B-synthase and cystathionine-y-lyase are vitamin

B6-dependent. The authors explain their findings by referring to studies showing that

liver cystathionine-y-lyase activity in 86 -deficient rats is decreased markedly as

compared with liver cystathionine-B-synthase activity, which is either normal or only

modestly decreased. Thus, perhaps some homocysteine can be converted to

cystathionine even in a 86 -deficient state. However, not all of the cystathionine can be

converted to cysteine as the cystathionine-y-lyase activity has been decreased and thus

cystathionine levels increase. Stabler et al. (1997) concluded that vitamin 86 deficiency

causes a markedly different pattern of methionine, one-carbon and tryptophan

metabolites than either cobalamin or folate defiency.

In vitamin B6 defìciency, the transsulphuration pathway is only mildly impaired

and, provided the remethylation pathway is fully active in conjunction with a low

homocysteine burden, hyperhomocysteinem ia may be prevented (Selhub, 1999).

However, a low homocysteine burden would only occur under fasting conditions when

there is no dietary input of methionine. During nonfasting conditions, in which there is a

significant intake of methionine, homocysteine metabolism will be disrupted. This influx

of dietary methionine will cause the intracellular SAM concentration to increase resulting

in two consequences (Selhub, 1999). The first is the inhibition of N-5-methyl-THF
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synthesis and therefore depressed use of homocysteine through remethylation. The

second occulrence is that the low intracellular N-5-methyl-THF concentration will cause

glycine N-methyltransferase to become highly active which will result in accelerated

generation of homocysteine through glycine methylation. In conjunction with the

primary impairment of defective transsulphuration due to vitamin 86 def,rciency, these

conditions significantly reduce the ability of both pathways to metabolize homocysteine,

resulting in hyperhomocysteinemia (S elhub, 1999).

2,2.2ROLE OF HORMONES IN HOMOCYSTEINE METABOLISM

There are several hormones that can affect homocysteine metabolism. Examples

of such hormones include thyroxine, used to normalize thyroid levels, and estrogen, used

in hormone replacement therapy in post-menopausal women (Jacobs et al., 2001). In

2000, Jacobs et al. first discovered that hypothyroidism was associated with decreased

plasma homocysteine levels in rats, unlike humans. As well, increased activity of liver

cystathionine B-synthase and cystathionine y-lyase was observed in the liver. The

administration of thyroid hormone normalized both enzyme activities and plasma

homocysteine (Jacobs et al., 2000). This study led to the further investigation of the

transsulphuration pathway under effects of hormonal treatment. Glucagon was of

specific interest to homocysteine metabolism due to its regulatory effects on amino acid

metabolism. Jacobs et al. (2001) were able to show that glucagon treatment lowered

plasma homocysteine by 30% while simultaneously increasing the hepatic activities of

glycine i/-methyl{ransferase, cystathionine p-synthase and cystathionine y-lyase. As

well, hepatic SAM and SAH levels were increased, which would tend to increase flux

though the transsulphuration pathway because they are allosteric activators of
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cystathionine B-synthase, (Jacobs et al., 2001), as discussed previously. Indeed, this was

the case as flux through the transsulphuration pathway was increased 5-fold.

Interestingly, hepatic methionine levels were also increased due to a 2-fold increase in

methionine transport in hepatocytes (Jacobs et al., 2001).

Another hormone of interest to homocysteine metabolism is insulin. Insulin

deficiency (Type 1 or insulin dependent diabetes mellitus) in the rat has been shown to

decrease plasma homocysteine by 30%o (Jacobs et al., 1998). When insulin treatment was

administered, this decrease in homocysteine was prevented. In addition, hepatic activities

of cystathionine B-synthase and cystathionine y-lyase were increased in the untreated

diabetic rat and, again, normalized when treated with insulin (Jacobs et al., 1998). Thus,

in the untreated insulin deficient rat, increased transsulphuration flux may be responsible

for lowering plasma homocysteine levels. This demonstrates that insulin has a possible

role in the metabolic regulation of homocysteine through its effects on the hepatic

transsulphuration pathway (Jacobs et al., 1998).

2,2.3 EFFECT OF FEEDING STATE IN HOMOCYSTEINE METABOLISM

The body has the ability to modulate the rate at which tissue and organ amino acid

pools tum over, which will be directly related to the availability of an indispensable

amino acid (Storch et al., 1988). Thus, if methionine intake is low, methionine oxidation

will be lowered, resulting in less free methionine available to enter the transmethylation

pathway. As well, the partioning of methionine between the pathways for protein

synthesis and transmethylation may change. This change in partioning will lead to less

homocysteine formed and reduced flux through cystathionine synthase (in the

transsulphuration pathway). Homocysteine flux also will be affected by the regulation of
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the homocysteine locus (the branchpoint where homocysteine undergoes either

remethylation or transsulphuration) (Storch et a1., 1988). This regulation occurs when

methionine status or availability is changed. Therefore the rate of homocysteine

remethylation to transsulphuration ratio can be used to determine the relative efficiency

of homocysteine recycling.

The studies undertaken by Storch et al. (1988) show that in the fed state there is

an increased efficiency of methionine metabolism through remethylation, as compared to

transsulphuration, at the homocysteine locus meaning it plays an anabolic adaptive role.

This enhanced remethylation and transmethylation (due to increased inputs of

methionine) allows for higher methionine metabolism activity. The authors found the

ratio of methionine utilization for protein synthesis compared to transmethylation was

3.6:l in the postabsorptive state but this was decreased to 1.9:1 in the fed state. Thus, the

increased transmethylation rate in the fed state is an important adaptive strategy. This

increased transmethylation rate is carried out by two enzymes: guanidoacetic

methyltransferase and glycine-N-methyltransferase producing creatine and sarcosine

respectively in quantitative anabolic and catabolic transmethylation reactions.

As mentioned above, methionine transmethylation will increase in the fed state

and this results in a higher rate of homocysteine synthesis. Storch et al. (1988) found that

the increased rate of homocysteine remethylation was proportional to the resulting

increase in methionine oxidation. A possible explanation put forth by Finkelstein and

Martin (1986) is that the increased partitioning of excess homocysteine to remethylation

in the fed state may be partly due to an enhanced flux through the enzyme

betaine :homo cysteine methyltransferas e.
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z2,4EFFECT OF OXiDATIVE STRESS ON HOMOCYSTEINE METABOLISM

In times of oxidative stress within the body, the transsulfuration pathway and the

rate of cysteine synthesis will be affected. When oxidative stress occurs, glutathione

plays a major role as a cellular reductant for reactive oxygen species (Meister and

Anderson, 1983). Increasing glutathione concentrations, which occurs following

infection (Breuille et a\.,1994) is thought to protect against oxidative damage when

sepsis is induced (Ogilvie et al., 1991). Glutathione synthesis, carried out by almost ali

organs (Malmezat et al., 1998), requires the sulfur-containing nonindispensible amino

acid cysteine. As lower cysteine catabolism has been observed during sepsis in rats by

Breuille et al. ( 1996) and Malm ezat et al. ( I 998) it seems likely thar this is due to the

diversion of cysteine to form glutathione.

With an increased requirement for cysteine utilized for glutathione production

during sepsis, the transsulphuration pathway may become altered in order to provide a

continuous source of cysteine. Malmezat et al. (1998) reported no change in plasma and

liver methionine concentrations between septic and pair fed rats, which otherwise would

have thought to be indicative of a change in the rate of transsulphuration. However, these

findings were in contradiction to results published in 2000a (Malmezatet al.) where it

was found transsulphuration to be 2.7 times greater in infected rats than in pair-fed rats.

This discrepancy can likely be explained by the fact that concentrations of cysteine

metabolites in tissues were not measured and thus specific radioactivity or flux could not

be calculated in the earlier study.

In addition to increased methionine flux during sepsis in rats, it was discovered

that the percentage of methionine flux entering the transsulphuration pathway in infected
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compared to pair-fed rats was more that doubled (Malmezat et a1.,2000a). In vitro

experiments with a human hepatoma cell line under oxidative conditions also showed that

homocysteine flux through the transsulphuration pathway increased by 1.6-2.1 fold,

depending on the type and level of oxidant applied (Mosharov et al., 2000). This, in turn,

increased cystathionine-B-synthase (CBS) and cystathionine production proportionately

to homocysteine. As weil, serine incorporation into cystathionine paralleled the increase

in the cystathionine pool (Mosharov et al., 2000).

Interesting to note are the findings of Maclean et al. (2002) which indicate that

cystathionine-B-synthase regulation is mediated through a redox-sensitive mechanism in

coordination with proliferation. The authors state that expression of CBS has the

potential to disrupt the equilibrium of transsulphuration. As transsulphuration is

increased during oxidative stress, the redox-sensitive mechanism which regulates CBS

activity must be coordinated to increase CBS activity simultaneously in order to facilitate

the extra homocysteine and serine flux.

CBS has a heme cofactor and there is now evidence to suggest that it is the redox

state of the heme which modulates the enzyme's activity (Taoka et a1., 199S). Under

reducing conditions, enzyme activity is lowered by approximately two fold, while

reoxidation restores the enzyme to its original activity. Thus, Taoka et al. (1998)

conclude that the heme in CBS is redox-active and reversibly regulates the activity of the

enzlfÛ:,e. It is speculated that since methionine synthase is also redox-regulated, changes

in the ambient redox potential may affect homocysteine flux between remethylation and

transsulphuration. Transsulphuration would be favoured under conditions of oxidative

stress while remetþlation would occur more in reducing conditions (Taoka et al., 1998).
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Further research by Taoka et al. (2002) found that the loss of heme in the CBS cofactor is

correlated with the loss of redox sensitivity in the human enzyme and thus suggests the

role of heme to be a redox sensor protein.

The ability of CBS activity to increase during oxidative conditions is one way in

which cysteine synthesis is increased. Cysteine production has also been shown to

increase following infection from protein breakdown and glutathione catabolism

(Malmezat et al., 2000a). Still, the amount of cysteine synthesis from methionine during

sepsis increased and total cysteine flux was 38Yo greater in infected rats than pair-fed rats,

while plasma methionine flux increas ed 16% in infected rats compared to pair-fed rats

(Malmezat et al., 2000a). In one study (Malmezat et al., 2000b), cysteine flux was

reported to be 50% higher in infected rats compared to pair-fed rats. Because cysteine

flux rates increased at more than double the methionine flux increase, this suggests a

preferential utilization of cysteine during sepsis (Malmezatet al., 2000b). This increased

cysteine, as mentioned previously, is used for glutathione synthesis, which is greatly

enhanced during sepsis and oxidative stress conditions (Malmezat et al., i998 ,Malmezat

et a1., 2000a,Malmezat et al., 2000b, and Mosharov et al., 2000). Malmezat et al.

(2000b) reports increased glutathione synthesis rates of 80Yo inthe heart to 465yo in the

liver of infected rats compared to pair-fed rats, with various increases in other tissues.

The authors calculated infection stimulated total glutathione synthesis 3.4-fold and

accounts fot 42o/o of the increased cysteine utilization during infection in rats. This

suggests that the primary cause of increased cysteine during sepsis is to fulfil the

requirement for increasing glutathione synthesis (Malmezat et el., 2000b).
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Oxidation state can also impact the activity of methionine synthase (Gulati et al.,

1997). When methionine synthase catalyzes the reaction producing methionine and

methyltetrahydrofolate, the intermediate, cob(I)alamin is supemucleophilic and highty

reactive and its methylation competes with oxidation (Gulati et al., lggT). When the

cofactor for the oxidized enzctirle is in the cob(Il)alamin or hydroxycob(Iil)alain state, it

requires a reductive methylation step before it can retum to the catalytic turnover cycle as

it is inactive (Gulati et al., 1997). Therefore, the activity of methionine synthase is

dependent on a redox activation system. It is postulated, but still unknown in the

mammal, that a thiol oxidase activity associated with crude porcine liver methionine

synthase, and likely an intrinsic property of the enryme, functions in reductive activation

(Gulati et al., L997). Gulati et al. (1997) have found that NADPH can serve as an

electron source in the reductive activation of methionine synthase and that at least two

redox proteins are required for this reaction. Thus, oxidative stress is a factor that may

inhibit methionine synthase which, in turn, may affect homocysteine metabolism and the

transsulphuration pathway as excess homocysteine is shunted away from remethylation

and towards transsulphuration.

2.3 QUANTITATTVE ASSESSMENT OF HOMOCYSTEINE METABOLISM

A measurement of homocysteine metabolism is extremely important to the study

of sulphur amino acid metabolism. It would provide a quantitative assessment of the

pathways involved in such, and permit the determination of factors impacting sulphur

amino acid metabolism, including nutrition, stress, and feeding state. Methods for

accurately measuring homocysteine metabolism are lacking and thus there is a need to
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establish and develop reliable methods that can be used to accomplish this. There are

different methods that can be utilized to quantifu sulphur amino acid metabolism, some

of which have already been attempted. In vitro,static or metabolite measurements, and

kinetic measurements are various methods that can be used.

2,3.1 IN VITRO METHODS

In a study conducted by Finkelstein and Martin (1986) investigating the

distrubution of homocysteine between competing pathways, it was discovered that

changes in the concentrations of various metabolic intermediates would significantly alter

the pattern of enzyme activities. Both SAM and SAH play an important role as witnessed

when their concentrations were increased and the total product formation rose by 270%

while the percentage converted to cystathionine increased to B2o/o þreviously at 39%).

While this study was condu cted in vitro, the authors had previously observed these

concentrations in the livers of rats fed supplementary methionine and the changes found

in this study were consistent with studies carried out using rats fed excess methionine.

The authors also found the total resynthesis of methionine by both À/s-methyl-

tetrahydrofolate-homocysteine methyltransferase and betaine:homocysteine

methyltransferase remained constant but activity of the transsulphuration pathway

increased to 720o/o of the control level.

Another model to study homocysteine distribution was introduced by Finkelstein

and Martin (1984), and encompassed an in vitro, homogenous system. This method

attempted to reproduce in vivo conditions by containing the three enzymes involved in

the pathways in the soluble fraction of hepatocytes. However, this may not be



completely adequate as the in vivo situation may be defined by specific spatial

relationships in addition to the compartmentation of enzymes and metabolites.

While in vitro studies can provide some baseline information, they are not capable

of giving us a look at whole-body sulphur amino acid metabolism and what changes take

place when different conditions are applied to the body. To gain a further understanding

of factors affecting sulphur amino acid metabolism and what will affect the partioning of

a metabolite from one pathway to another, kinetic measurements must be used. These

measurements will also provide information that can be used to help with practical,

industry type problems in piglets. Previous methods that have attempted to quantiff

sulphur amino acid metabolism have used both stable and radiolabeled isotopes to

various degrees of success.

2.3.2U58 OF A DUAL-LABELLED METHIONINE TRACER

Several attempts have been undertaken to quantitatively measure the flux of

metabolites through the transsulphuration pathway. 'With studies involving humans, the

method of choice usually involves a primed, constant infusion with a stable isotope.

Storch et al. (1988) developed a model to determine methionine metabolism employing

the use of stable isotopes in humans. In their study, remethylation and transsulphuration

are measured and the addition of these two factors gives an estimate of transmethylation.

However, with respect to the use of stable isotopes in metabolic studies, in comparison to

radioisotopes, there is one major disadvantage that arises. This limitation is the amount

of tracer that often has to be given to the subject. An example is the protocol for

measuring the rate of movement of glucose-C to glutamate in the brain. This required a

dose of [1-'3C] glucose that raised blood glucose concentration by approximately three-
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fold (Young and Ajami, 1999). Thus, because the levels of stable isotopes used in

metabolic studies are so high, it is speculative to assume, even with correction factors,

that they will not impact the results of the experiment. It is for this reason that this study

will employ the use of radioisotopes.

2.3.3 USE OF SERiNE TO MEASURE TRANSSULPHURATION AND I-CARBON
METABOLISM

Serine is an important metabolite functioning in the methionine cycle that

provides a source of one-carbon units, both directly and indirectly (Cuskelly et al., 2001).

Encompassing different functions, one option for serine is to condense with

homocysteine in the transsulphuration pathway to form cystathionine through the action

of the enzyme cystathionine-B-synthase and vitamin B6, âs discussed in homocvsteine

metabolism (Finkelstein et al., 197 l).

Another role in which serine is involved is the production of glycine and 5,10-

methylenetetrahydrofolate (Cuskelly et al., 2001). Serine hydroxymethyltransferase

(SHMT), found in both the cytosor and mitochondria (csHMT and msHMT

respectively), converts serine and tetrahydrofolate to glycine and 5,10-

methylenetetrahydrofolate in a reversible reaction (Gregory et a1.,2000). Because the

enzyme catalyzing this reaction exists in both the cytosol and mitochondria, it follows

that serine metabolism occurs in both of these cellular compartments.

The one-carbon units derived from both mitochondrial and cytosolic metabolism

of serine can be used to produce methyl gïoups, which in turn become available for

remethylation of homocysteine (Cuskelly et a1.,2001). In this folate-dependent pafhway,

5,i0-methylenetetrahydrofolate is converted to 5-methyltetrahydrofolate by

methylenetetrahydrofolate reductase (Gregory et al., 2000). Following that reaction, 5-
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methyltetrahydrofolate is ready to be used directly in the remethylation pathway by

condensing with homocysteine and through the action of methionine synthase produces

methionine and regenerates THF (Gregory et al., 2000).

Gregory III et al. (2000) infused [2H3] serine into a healthy man to determine

what happens to exogenous serine and serine-derived one-carbon units in homocysteine

remethylation. Specifically, the investigators were interested in whether both the cytosol

and mitochondria were responsible in the formation of carbon units derived from

exogenous serine to be used in methyl group production and remethylation. The methods

used were based on isotopic en¡ichment of free plasma amino acids and very low density

lipoprotein apolipoprotein (apo) B- 100 to determine whole-body and hepatic metabolism,

respectively. Two radio labeled tracers were used to assess overall protein turnover and

short-term kinetics of apo B-100.

For plasma cystathionine, methionine, and apo B-100 methionine, all labeied with

serine, initial labeling rates were first determined and then based on that info, along with

the plateau enrichment of the precursor pool, fractional synthesis rates were calculated.

Thus, using the isotopic en¡ichment and relative rates of formation of the various

isotopomers, serine's intracellular fate could be determined. In looking at

kanssulphuration, which is of primary interest to the subject of this thesis, the isotopic

enrichment and relative rates of synthesis of three isotopomers of cystathionine are

derived from transsulphuration with the same three isotopomer forms of serine.

The results of this study were able to show that the infusion of serine aliowed for

the examination of transsulphuration and one-carbon metabolism. However, being a pilot

study, further research needs to be conducted with regards to the infusion rate of radio
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labeled serine, as the data suggest that the infusion may not have maintained a steady

state of plasma serine. The inclusion of apo B-i00 was an important component in this

study, as it provided liver specific information, which in this case, differed from whole-

body metabolism.

This study provided the first in vívo evidence in a human subject of mitochondrial

generation of one-carbon units derived from exogenous serine (Gregory III et al., 2000).

This was evidenced through the appearance of two different radio labeled methionine

forms. Additionally, the cystathionine B-synthase-mediated coupling of ¡2U31 serine and

homocysteine produced ['lir] cystathionine. However, because the cystathionine

labeling was in great excess of the apo B-100 [2H3] serine enrichment, yet parallel to

plasma [2H3] serine, this suggests that the serine pool involved in the hepatic apo B-100

synthesis differs from the serine pool responsible for the primary short-term formation of

cystathionine.

This study was able to utilize isotopically labeled serine to determine human one-

carbon metabolism ín vivo. However, one disadvantage of using [2H3] serine is that it

yields both singly and doubly labeled methyl groups, which means that kinetic

interpretation is more complex than if using a stable isotope such as Il3C] serine. For the

purpose of this thesis, the origin of serine's subceliular compartment is not of interest and

so a different isotope can be used. Another disadvantage of using [2H3] serine is that

large amounts must be infused into the subject, which may alter in vivo kinetics and thus

not offer a true prospective of serine metabolism. For this reason, [3H] serine is to be

infused into the piglet model to be used in the determination of serine flux and

transsulphuration' Finally, the study of Gregory III et al. (2000) only utilizes one human
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subject and thus all results are based on this information. Several repetitions of this study

need to be completed.

2.3.4 DIRECT MEASURE OF TRANSSULPHURATION BY MEASUREMENT OFTHE TRANSFER QUOTIENT OF SERINE TO CYSTEINE

The development of a whole-body or kinetic model to further understand sulphur

amino acid metabolism can effectively utilize metabolite flux measurements for

quantification purposes. Flux is the rate of disappearance of a substrate from a

metabolite pool. When flux measurements are taken, steady state conditions are

assumed, meaning that the rate of appearance of a substrate in the pool would be equal to

the rate of disappearance.

Theoretically, the determination of transsulphuration can be accomplished

through quantifying the movement of serine into cysteine in the transsulphuration

pathway. To accomplish this, radio labeled serine would be directly infused into the

subject and serine flux measured. As well, the transfer quotient of serine to cysteine

would need to be measured. The transfer quotient is the movement of a labeled isotope

from one amino acid to another. Either stable or radiolabeled isotopes can be used. The

transfer quotient is obtained by dividing the measurement of plasma specific radioactivity

(SRA) of cysteine by the plasma SRA of serine. The transfer quotient of serine to

cysteine is then multiplied by cysteine flux. Thus, a primed constant infusion of both

serine and cysteine must be administered simultaneously. Correction factors will have to

be developed by determining hepatic free SRA for serine and cysteine because the use of
plasma SRA will likely overestimate true SRA in the liver (the site of transsulphuration).

Transsulphuration is an integral part of homocysteine and sulphur amino acid metabolism

in its entirety.
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The above-described procedure has been previously used with stable isotopes in

sheep. The study of Liu et al. (1999) used isotope tracers [3-trc] cys and [2,3,3-d3] ser

and was successful in quantifuing transsulphuration. The authors found there to be no

significant changes in transsulphuration rates with the infusion of serine and thus

concluded that there is a high capacity for the de novo synthesis of serine. This sfudy

indicates that using the principles of metabolite flux measurements, accurate estimates of

transsulphuration rates can be quantified. The subject of this thesis will focus on

developing an accurate and reliable method in which to measure whole-body

transsulphuration rates through the infusion of radio-labeled isotopes into piglets and

identifu factors that may impact transsulphuration and thus sulphur amino acid

metabolism.



There are both short and long term objectives to this research. Investigation into

the factors that affect homocysteine metabolism and, more specifically, the

transsulphuration pathway are the primary focus of this thesis. The quantification of

serine flux and the conversion of serine to cysteine would allow for a deeper

understanding of the transsulphuration pathway and of serine metabolism within this

pathway' This represents the long-term goal of this paper. The short-term objectives of

this thesis include:

3.0 IIYPOTIIESIS AND OBJECTTVES

To determine the impact of feeding state (fed versus fasted) on homocysteine

metabolism in pigs consuming purified diets with and without vitamin B¡2.

The quantification of serine flux through the infusion of [3H] -serine into piglets

and the transfer quotient of ¡3u1 -serine to [3H] -cysteine in early weaned pigs

consuming a purified diet.

iÐ
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The long-term objective of research in this area, of which this thesis is to provide

the initial background and investigation into parameters, is to develop a whole body

model for the determination of homocysteine and cysteine flux in vivo. This will allow

for the further investigation of factors affecting flux and ultimately metabolism and wili

enable the manipulation of certain factors, such as diet, so that regulation of these

pathways can be further understood. In addition, determining what role the immune

system plays in sulfur amino acid metabolism will give the potential to help improve

feeding strategies in the segregated early weaned piglet. It is anticipated that furthering
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our body of knowledge in this area will not only be of benefit to the agriculture industry

but also towards human health.

It is first hypothesized that there will be an effect of both feeding state and

vitamin 812 on plasma homocysteine levels in the piglet and this information can then be

used in supplemental and proceeding homocysteine research. The nuli hypothesis is that

feeding state and vitamin Brz will not effect homocysteine concentrations in piglets.

The second hypothesis is that factors affecting homocysteine metabolism can be

investigated through the quantification of serine flux and the transfer quotient, which is to

be used in further research to determine the quantification of transsulphuration. The null

hypothesis is that factors affecting homocysteine metabolism cannot be investigated

through serine flux and ultimately the transsulphuration pathway.



COMPARISO¡{ OF TOTAL, FREE, AND BOUND HOMOCYSTEINE
AT{D CYSTEINE LEVELS IN THE FED AND FASTED STATES OF

SEGREGATED EARLY WEANED PIGLETS CONSTNVIING
VITAMIN 8,, DEFICIENT AND CONTROL DIETS

4.0 MANUSCRIPT I
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The determination of plasma homocysteine concentrations in humans is important

for the assessment of cardiovascular risk as well as being a metabolic marker of folate

and vitamin 812 or cobalamin deficiencies. This information is also eminent to

understanding sulphur amino acid metabolism in the segregated early-weaned (SEW)

piglet. With a trend towards weaning piglets at approximately 17 days of age, nutrition is

vital for these piglets not only to survive but also to grow as rapidly and efficiently as

possible. To achieve maximum efficiency, feed costs must be minimized and protein

supplementation in the diets of SEW pigs is one of the highest cost contributors. Thus,

determining factors contributing to sulphur amino acid metabolism will result in

obtaining properly balanced protein supplementation. This should reduce sulphur

excretion while improving feeding strategies and costs.

Determining sulphur amino acid requirements of SEW pigs requires an analysis

of both plasma homocysteine and cysteine levels. Generally, these values are reported as

total plasma homocysteine or cysteine, which refers to the total amount measured in the

blood. However, the proportions of both free and bound homocysteine and cysteine in

plasma relative to the total amount have not been well established in pigs. This may be

important information to determine the most sensitive measurements of plasma sulphur

amino acids. There has been sufficient information obtained from other species such as

humans and rats with regards to this breakdown and therefore this area needs to be

explored and developed in the pig.

Homocysteine, a sulphur-containing amino acid, plays an important role in the

methionine cycle. It can follow one of two pathways to either regenerate methionine or

4.1 INTRODUCTION
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catabolize to form cysteine and glutathione, which is needed for immune responses.

Many factors can influence plasma homocysteine concentrations such as nutritional state

and genetic defects. Dietary vitamin B¡2, in the form of cobalamin, is utilized as a

coenzyme in conjunction with 5-methyltetrahydrofolate in the remethylation of

homocysteine to methionine (Finkelstein et al., 1971). A deficiency of either folate or

cobalamin will cause homocysteine levels to rise, as homocysteine is unable to be

converted back to methionine (Mudd et al., 1969).

Another variable of interest, which has yet to be thoroughly explored, is the effect

of feeding state on plasma homocysteine concentrations. Generally, blood samples are

collected in the fasted state, which requires trust on behalf of the researchers that human

subjects are in adherence to the standard protocol. However, this may lead to uncertainty

and variability within the results if this is not the case. Determining the impact feeding

state has on plasma homocysteine measurements, if any, would indicate when blood

samples should be collected to obtain the most accurate results. With this in mind,

feeding state must also be considered in a condition of cobalamin deficiency. If

homocysteine levels are subject to va¡iation depending on when sampling occurs with

respect to feeding state, the physiological condition of the deficiency may appear to be

different than it actually is. Thus, gaining this information would be valuable for future

reference as well as developing parameters to follow for use in further research trials

involving homocysteine measurements.

Finally, an important consideration in this area of research is the type of

experimental diet used. Formulating highly purified diets, according to NRC (1998)



standards, would allow for the manipulation of various ingredients in the diets thus

enabling the study of imposed dietary deficiencies, such as cobalamin in this case.
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The null hypothesis of this experiment is that neither a cobalamin deficiency nor

feeding state will impact plasma homocysteine and cysteine concentrations. There were

four objectives of this experiment. The first objective was to test a highly purified

experimental diet that allows for experimental manipulation of certain ingredients. This

diet must also be able to provide effective palatability and nutrition for growth of the

piglets. Secondly, to determine whether a cobalamin deficient or supplemented diet fed

to pigs will alter their plasma homocysteine and cysteine concentrations. The third

4.2 HYPOTHESIS AND OBJECTIVES

objective was to examine the effect of feeding state (fed or fasted) on plasma

homocysteine and cysteine concentrations. The final objective was to determine the

breakdown of total, free, and bound plasma homocysteine and cysteine under the various

conditions described above.
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4.3.1ANIMALS

16 pigs (8 male and 8 female) from different litters were obtained from the

University of Manitoba's Glenlea Research Station swine barn. The males were castrated

between 3 and 7 days of age and all piglets were wean ed, at 17 days of age and brought to

the Animal Science Research Unit. The piglets were weighed and randomly assigned to

a dietary treatment (+i- cobalamin) so that both treatments consisted of 8 pigs. Pigs were

then housed in individual pens so that individual feed data could be collected. The

experimental room was maintained at 30oC and was lit from 0800 to 1700.

4.3 .2 EXPEzuMENTAL PROTOCOL

4.3 MATERIALS AND METHODS

The piglets were provided feed for ad libitum feeding daily for 14 days.

Weighbacks were taken and feeders were cleaned out weekly or as needed. Pigs were

weighed on days 1, 8, and 15. Blood collection took place on the morning of day 15 after

a 12 hour fast. Following this, pigs were offered feed for 3 hours and then blood

sampling was repeated. All experimental procedures were carried out in accordance with

our institution's Protocol Management Review committee in accordance with the

Canadian Council of Animal Care's guidelines (1993).

4.3.3 DIETARY TREATMENTS

Purified diets were formulated according to the recommended industry standards

developed by the National Research Council (1993) for pigs weighing between 5-10 kg.

Composition of the diet is listed in Table 1. The diet was mixed with water at a ratio of

2:I (2 parts diet to 1 part water) just prior to feeding. The water used was at room
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temperature while the diet was stored in the cooler and was allowed to warm up to room

temperature before measured and distributed.

4.3.4 BLOOD COLLECTION

All feed was removed at 2000 on day 14 of the trial so that the piglets were in a

fasted state for blood collection the next morning. Blood sampling began at 0800 on day

15 after the pigs were weighed. Approximately 3 ml of blood was collected from each

pig into heparinized tubes via jugular venipuncture and then put onto ice immediately.

After sampling was complete, the blood was centrifuged at 5'C, 3000 x g for 20 minutes.

An aliquot of plasma was removed and immediately frozen at -80'C until further analysis

for total homocysteine and cysteine levels. With a second aliquot of plasma, 300 ¡rL was

mixed with 250 ¡rL of 0.6 mol L-l perchloric acid, containing 1 mmol L-I, and centrifuged

at 12,000 x g for 10 minutes. The supernatant was then transferred to a polypropylene

microcentrifuge tube and frozen at -80oC until further analysis for free homocysteine and

cysteine levels.

4.3.5 PLASMA VITAMIN Brz

Plasma vitamin B12 was arnlyzed using a quantaphase II Brz radioimmunoassay

(Bio-Rad, Hercules, CA, USA). The standard used for the assay was vitamin B¡2

(cyanocolalamin) in HAS base with 0.1% sodium azide as a preservative and the

concentration ranged from 0 to 2000 pg ml--l. The standards were reconstituted in

deionized, purified water.



Table 1. Diet composition.

Ingredient o/o of diet

Corn Starch 44.15
Casein 20.00
Lactose 20.00
Com Oil 5.00
Cellulose 5.00
Cystine 0.35
Mineral Premixr 4.50
Vitamin Premix2 1.00

rProvided 
þer kg diet): calcium : 1.20%;phosphorus, available :0.60%;sodium = 0.30%;chloride =

0.30%; magnesium = 0.06%; potassium :0.42Yo, copper:9.00 mg; iodine = 0.21 mg; iron = 150 mg;
manganese:6.00 mg; selenium = 0.45 mg; zinc: 150 mg.

2Provided 
þer kg diet): vitamin A:3300 IU; vitamin D3 :330IU; vitamin E=241U;Vitamin K = 0.75

mg; biotin = 0.08 mg; choline :0.75 g; folacin = 0.45 mg; niacin: 22.5 mg; pantothenic acid: l5 mg;
rjboflavin = 5.25 mg;thiamin = 1.50 mg;vitamin B6=2.25 mg;vitamin Bl2:26.25 pg. Inpigs receiving
the cobalamin deficient diet, cobalamin was omitted from the vitamin premix.
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There were l2 x 75 mm polypropylene reaction tubes (Bio-Rad, Hercules, CA,

USA) used for this assay. Aliquots of 200 ¡rL of standard and sample were added to all

tubes except the total binding tubes. Next, I mL of working tracer was added, the tube

was vortexed twice for 30 seconds, and then incubated in a boiling water bath (100"C)

for 20 minutes. After incubation, the tubes were cooled in an ice water bath for l0

minutes and then left at room temperature for 15 minutes. At this point, 100 pL of blank

reagent was added to the blank tubes and 100 pL of microbead reagent was added to all

other tubes, followed by vortexing all tubes twice. The tubes were then incubated at

room temperature for an hour, centrifuged at 12,000 x g for l0 minutes, and the

supematant fraction decanted.

The standards and samples were counted in a gamma counter (LKB Wallac l2B2

Compu Gamma Universal Gamma Counter). The total counts \¡/ere approximately 17634

cpm and the maximum binding was 53Yo. Nonspecific binding of the assay was < 5yo

and sensitivity of the assay at95o/obinding was l2 pg mL-I.

4.3.6 TOTAL HOMOCYSTEINE AND CYSTEINE ANALYSIS

Plasma sampies were thawed and prepared for high pressure liquid

chromatography (HPLC) analysis by a procedure adopted from Vester and Rasmussen

(1991). 150 ¡rL of plasma was mixed with 20 pL of tris (2-carboxyethyl)-phosphine

hydrochloride (TCEP) and allowed to stand at room temperature for 30 minutes.

Following incubation 125 ¡L of 0.6 mol L-lperchloric acid, containing 1 mmol L-l

EDTA, was added and then the mixture centrifuged at 12,000 x g for l0 minutes. 100 ¡^rL

of the supernatant was removed, placed in a new microcentrifuge tube, and added to the

supernatant was 100 ¡rL of 7-flurobenzo-2-oxa-1,3-diazole-4-sulfonic acid (SBDF)
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(Sigma chemical co., st. Louis, Mo, usA), 100 ¡rL of 2 mol L-l potassium borate, pH

9.5, and 200 ¡i of 2 mol L'r potassium borate, pH 10.5, containing 5 mmol L-l EDTA.

This solution was incubated in a water bath at 60oC for 60 minutes and then placed in a

fridge to cool for20 minutes. The samples were then ready for analysis in a SCL-l0A

VP Shimadzu HPLC system (Man-Tech Associates Inc., Guelph, ON, Canada) for total

homocysteine and cysteine content.

Approximately 200 ¡rL of the sample or standard was placed into flat bottom

inserts (Altech Associates Inc., Deerfield, IL, USA) that, in turn, were placed into 12 x 32

mm clear screw cap vials (Altech Associates Inc., Deerfield, IL, USA). The vials were

capped with polypropyl open hole caps (Altech Associates Inc., Deerfield, IL, USA) and

fitted with tfe/silicone liners (Altech Associates Inc., Deerfield, IL, usA). The samples

were injected onto a Hypersil@ oDS c'8 reverse-phase column (4.6 x 150 mm, 5 pm)

(Man-Tech Associates Inc., Guelph, oN, canada). A 0.1 mol L-r acetate buffer, pH 4.0,

was prepared from 0.1 mol L-l acetic acid and 0.1 mol L-l sodium acetate and contained

20 mL L-r of methanol. The buffer was filtered through a0.22pm MSI filter (Fisher

Scientific, Ottawa, ON, Canada) and had a flow rate of 1.0 mL minute-l. The intensity of

fluorescence was measured with excitation at 385 nm and emission at 515 nm. The

detection signal was recorded and the peaks of the chromatographs were quantified using

a Class VP chromatography data system. plasma homocysteine and cysteine

concentrations (¡rmols L-l) could then be derived from a calibration curve established

with pure homocysteine and cysteine standards (sigma Chemical Co., St. Louis, Mo,

usA).



4.3.7 FREE HOMOCYSTEINE AND CYSTEINE ANALYSIS

The previously extracted protein free plasma was thawed and prepared for HPLC

analysis. 200 ¡L was mixed with 20 ¡rL of 2.5mol L-r sodium hydroxide and 20 pL of

TCEP solution and allowed to stand at room temperature for 30 minutes. Following

incubation, 100 pL of the above solution was added to 100 ¡rL of SBDF and 200 ¡tL of 2

mol L-l potassium borate, pH 10.5, containing 5 mmol L-t EDTA. The samples were

then placed in the 60"C water bath for I hour and afterwards cooled. These samples were

then transferred to the flat bottomed vial inserts, as described above, and were ready for

HPLC analysis, as outlined in the previous section. Bound homocysteine and cysteine

levels were determined by calculating the difference between the total and free

proportions.

4.3.8 STATISTICAL ANALYSES

Statistical analyses of the data was carried out through the use of an analysis of

variance procedure (ANOVA), using a linear model split plot design, and the differences

between least square means determined using the protected LSD procedure. A P value of

<0.05 was chosen to represent significance. The program used was sAS Analyst.
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4.4.I FEED INTAKE AND GROWTH DATA

During the f,rrst week of the trial, feed consumed by the piglets was identical for

both diets (see table 2). Average daily gain (ADG) was slightly higher in cobalamin

deficient pigs, but not significantly, and thus this same trend was observed with feed

eff,rciency. In week 2, average daily feed intake (ADFI) was not significantly different

between the two groups, although the mean was higher in the cobalamin supplemented

pigs' ADG was very similar among both groups and feed efficiency was not significantly

different as well. When both weeks were combined for an overall effect ADFI, ADG,

and feed conversion efficiency were not significantly affected by cobalamin status.

The average amount of feed consumed by the pigs on the control and cobalamin-deficient

diets, during the three hours feed was offered following the fast on day 15, were 143 + 64

and I20 + 84 g, respectively.

4.4 RESULTS
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Tab\e2. Performance of SEW pigs consuming vitamin B¡2
deficient and adequate diets.

Week I (17-23 d)

ADFI*
ADG
FCE

Week 2 Q4-30 d\
ADFI
ADG
FCE

Total
ADFI
ADG
FCE

B12+

0.36
0.13
0.34

0.38
0.24
0.64

0.37
0.19
0.50

Bt2-

0.36
0.18
0.51

0.33
0.25
0.8 i

0.34
0.21
0.64

*ADFI (average daily feed intake) and ADG (average daily gain) in kg

SEM

0.18
0.03
0.07

0.04
0.02
0.07

0.02
0.02
0.0s
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P value

1.00
0.20
0.12

0.3s
0.90
0.10

0.47
0.46
0.08



4.4.2PLASMA COBALAMIN

Plasma cobalamin concentrations in the pigs consuming cobalamin adequate diets

(Fed state: 220.8 + 26.5; Fasred: 211.9 + 26.9 p/ml) were significantly higher (p < 0.05)

than the concentrations measured in the pigs consuming cobalamin deficient diets (Fed

state: 82.4 + 28.3; Fasted state: 85.0 + 28.7 pglml). There was no significant difference

due to feeding state, nor was the interaction term significant.

4.4.3 PLASMA HOMOCYSTEINE

Total homocysteine values were significantly (P < 0.05) higher in cobalamin

deficient pigs and there was no effect of feeding state (fed versus fasted) on total plasma

homocysteine (table 3). As well, free homocysteine was significantly (p < 0.05) higher

in the cobalamin deficient pigs in both the fed and fasted states and highest in fed state

amongst this group of pigs. Bound homocysteine values were not significantly (P < 0.05)

different amongst the different treatment groups and feeding states.

Both feeding state and cobalamin had an effect on the percent of free

homocysteine comprising total homocysteine. Percent free homocysteine was

significantly (P < 0.05) higher in the fed state as well as higher in cobalamin deficient

pigs.

4.4.4PLASMA CYSTEINE

Total cysteine values tended to be higher in the fed state, but it was not significant

(P < 0.05), and cobalamin did not exert an effect on total plasma cysteine (table 3). Free

cysteine values were significantly (P < 0.05) higher in the fed state but again were not

affected by cobalamin. This effect is reversed in bound cysteine with fasted levels
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significantly (P < 0.05) higher than those foturd in the fed state. The percent of free

cysteine was found to be significantly higher in the fed state (p < 0.05).
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Table 3. Plasma Homocysteine and cysteine values in Fed and Fasted
SEW Piglets Consuming

Gobalamin Deficient and Supplemented Diets

Total Hcy
Total Cvs

Brz+

Free Hcy
Free Cvs

Fed

23.42 29.19
174.48 176.95

B'tz'

Bound Hcy
Bound Cvs

11.10' 16.35"
131 .93 151 .01

% Free Hcy
% Free Gvs

Btz+
Fasted

12.32 12.35
42.54 25.66

23.44 28.26
169.51 166.82

Btz'

All hcy and cys values in pmol.rl.
values within a row with different superscriprs are significantly different (p < 0.05).

49.54 57.75
75.77 85.35

10.33" 13.240
117.38 120.13

SEM
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13.11 15.01
52.14 46.69

1.04
4.11

Bn

44.64 48.62
70.00 72.44

P values

0.0002 0.6697 0.6514
0.9796 0.0879 0.5398

Feeding
State

0.50
6.57

<.0001 0.0010 0.0244
0.0921 0.0023 0.1969

1.16
5.88

lnteraction

0.3799 0.1274 0.3922
0.0579 0.0136 0.3059

2.23
3.07

0.0103 0.0043 0.3173
0.0513 0.0054 0.2241



The results obtained for the feed intake and growth data showed that there were

no signif,rcant differences between any of the variables for either dietary treatment. This

was the case for both weeks separately and when combined. In week l, ADFI was 360 g

day-l and was identical for both groups of pigs receiving different dietary treatments. To

aid in the evaluation of the diets, the data of Mavromichalis and Baker (1999) were

chosen to represent "targets" for performance of early weaned pigs. Based on their

summary, for pigs 5.5 to 8 kg, a target rate of 260 g day-l represents good feed intake

performance ( Mavromichalis and Baker, 1999). In the cur¡ent study, pigs in both

treatments were exceeding this value. This is important in terms of the palatability of the

diet formulated. Most pigs that have just been weaned do not eat signif,rcant amounts of

feed in the first few days due to post-weaning stress so their ADFI is encouraging. The

"target value" for ADG in pigs of this age and weight range is 250 g day-l

(Mavromichalis and Baker, 1999) so when comparing the average daily gain of the

experimental pigs, which was 155 g, we see that they are not meeting the industry target.

This may be explained by the fact that the experimental diets were not formulated to

maximize growth potential of the piglets and therefore did not include ingredients such as

antibiotics and spray dried porcine plasma. Spray dried porcine plasma has been shown to

increase ADFI by 32% and ADG by 39% (Weaver et al., 1995) and for these reasons has

been considered an essential ingredient in early weaned piglet diets (Thacker, 1999).

However, it was excluded from the experimental diets due to the fact that feed

ingredients of animal origin can contain small amounts of cobalamin (NRC, 1998) and

4.5 DISCUSSION
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can therefore not be used to create a cobalamin deficient diet. In terms of feed efficiency,

this was lower then expected in both groups due to the low ADG observed. It is likely

that there were no significant differences observed between the control group and the

cobalamin deficient pigs because the time course of cobalamin depletion is longer than a

week and thus we cannot expect to observe large differences due to cobalamin deficiency

so early (Fletcher, 2002).

Week 2 has similar results to week I with respect to ADFI. The "target value" for

ADFI in pigs between 8 to 14 kg of body weight is 570 g day-r (Mavromichalis and

Baker, I 999). Only half of the pigs in the control group were above 8 kg while only 2

pigs in the cobalamin deficient treatment weighed over 8 kg. When averaged, the weight

of the control pigs was 7.23 kgwhile the deficient group weighed approximat ely 7.47 kg.

Thus, the ADFI range of 330 to 380 g day-l is very close to week one and higher than

"target values", when compared to pigs 5.5 to 8 kg. ADG was very similar between the

two groups averaging tobe245 gday-t,close to the "target value" of 250 g day-t

(Mavromichalis and Baker, 1999). These data suggest that the diets developed are able to

provide growth rates that ¡eflect "target values" for industry, while allowing the

flexibility to manipulate certain ingredients, such as vitamins. Because the feed intake

was higher than the commercial targets, feed conversion effrciency was lower than

industry standa¡ds in both groups of pigs. In the control group of pigs, FCE was 0.64

while the cobalamin deficient pigs had a FCE of 0.g 1. The FCE ,,targets,, for early

weaned pigs 5.5 to 8 kg on conìmercial farms is 0.96. ln general, this diet was able to

adequately sustain the piglets and provide enough nourishment to allow growth while

fulfilling the requirement of allowing experimental manipulation of ingredients.
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Although not quite up to commercial standards, this was expected, as the omission of

certain ingredients was unavoidabte.

Total homocysteine values were significantly higher in cobalamin deficient pigs,

which was expected as cobalamin is necessary for remethylation of homocysteine

(Finkelstein et al., 1971). Similar results have been documented in many studies showing

increased homocysteine levels in the absence of vitamin B¡2 (Banerjee and Matthews,

1990, Stabler et al., 1997, and Fletcher, 2002). As the impaired homocysteine

remethylation pathway becomes more pronounced, and the cobalamin deflrcient condition

becomes prolonged, the excess homocysteine will have one of two fates: either to

continue rising in the blood causing hyperhomocysteinemia or to have the excess shunted

towards the transsulphuration pathway. This ability of the transulphuration pathway to

aid in disposing of excess homocysteine, through its catabolism to cysteine, will likely

cause increased flux through the transsulphuration pathway and therefore reduce

homocysteine levels in the plasma. However, studies by Storch et al. (i9gg) have shown

that there is an increased efficiency of methionine recycling through remethylation in the

fed state and that the partitioning ratio between homocysteine remethylation and

transsulphuration did not change when going from the postabsorptive to the fed state.

Therefore, it would be very interesting to look at homocysteine flux through the

transsulphuration pathway in the fed and fasted states while in a condition of cobalamin

deficiency, to aid in the further elucidation of this pathway.

Feeding state did not impact total plasma homocysteine levels. This means that

blood sampling could be performed at any time without impacting results if total

homocysteine was the measurement needed. However, this was not the case for the
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distribution of free and bound homocysteine, which were impacted by both feeding state

and dietary treatment. Uthus et al. (2002) also found the ratios of free reduced

homocysteine/total homocysteine and free reduced cysteine/total cysteine in plasma to be

altered by a selenium deficiency. In this trial, the proportion of free homocysteine in the

control group was significantly lower than the proportion of free homocysteine in the

cobalamin deficient pigs. A possible explanation to this finding is that in folate-adequate

individuals, the ratio between free-reduced and oxidized homocysteine is tightly

regulated, which keeps the plasma total homocysteine within a specific and narrow range

(Stamm and Reynolds, 1999). When a deficiency of some sort occurs, this balance is

disrupted and changes can occur amongst the proportions, as seen in this case of a

cobalamin deficiency. As discussed in the literature review, both a folate and cobalamin

deficiency can cause the same impediment to remethylation. This shows the possibility

that in cobalamin deficient pigs the regulation mechanism, which keeps the ratio of free

homocysteine to bound homocysteine intact, may not be functioning properly. Uthus et

al' (2002) have shown that aselenium deficiency in rats disrupts the homeostasis that

keeps plasma homocysteine tightly regulated and, in turn, the redox status becomes

altered. In the case of Uthus et al. (2002),total plasma homocysteine was decreased in

rats with a selenium deficiency. Although the opposite effect with total homocysteine

was observed here, as expected, these studies suggest that the ratio of free to bound

homocysteine can and will change under a condition of metabolic stress, such as a

nutrient deficiency.

We observed free homocysteine to increase in the fed state by an aveÍage of 7yo

in both the control and cobalamin deficient pigs. Accordingly, bound homocysteine
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decreased by the same proportions after feeding in both sets of piglets. The reason for

this may be explained by the fact that after a methionine load, there will likely be an

excess of homocysteine. The total ratio of free to bound homocysteine is tightly

regulated and may either provide optimal amounts for vital cellular functions or protect

cells against high, toxic concentrations of thiols and disulfides (Mansoor et al., l9g2).

Studies have shown (Wiley et al., 1988) that there are binding sites in plasma for

aminothiols, which preferentially interact with homocysteine, and these binding sites are

saturable with a different maximal binding capacity for different species (Mansoor et al.,

1992)' Thus, perhaps it is likely that since the proportions of free to bound homocysteine

differ in humans and pigs, the proportion of free homocysteine will increase in the fed

state of pigs, but not humans, because the aminothiol binding capacity has been

maximized.

Among cobalamin deficient pigs, free homocysteine values were highest in the

fed state, increasing by approxim ately 10Yo. On the other hand, bound homocysteine

values were not affected by diet nor feeding state. This suggests that free homocysteine

may be a more sensitive measure of cobalamin deficiency in the fed state, which is a

novel finding. In light of this new information, it may be advantageous to determine

total, bound, and free plasma homocysteine values each independently of one another

instead of determining bound as the difference between total and free.

In the fasted state of the control group, free homocysteine comprised

approximately 44.6% of total plasma homocysteine while bound accounted for 55.4yo.

These results deviate from human plasma homocysteine concentrations where studies

have shown that approximately 30% is determined as free and the bound portion (70%)
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forms the majority of total homocysteine (Mansoor et al., lgg2). In rat plasma, the

proportion of free to bound homocysteine is almost the opposite to that found in humans.

Typically, values for free plasma homocysteine have been reported anywhere between

41-70% while protein bound homocysteine accounts for 30-59% (Smolin and Benevenga,

1982). In selenium deficient rats, Uthus et al. (2002) found toral free (oxidized and

reduced) plasma homocysteine to be between 39 and 4l%o, depending on range and

severity of selenium def,rciency.

Both feeding state and dietary treatment did not significantly affect total cysteine

values' This shows that total plasma cysteine values, like homocysteine, will be similar

regardless of when the blood sample is taken. Free cysteine values were significantly

higher in the fed state while bound cysteine values were significantly higher in the fasted

state. These results concur with those of Mansoor et al. (lgg2) who also found a

reduction in protein-bound cysteine in humans after methionine loading. As with

homocysteine, the only explanation that can be offered at this point is that the redox

ratios are tightly regulated so as to keep the total plasma cysteine within a specific range.

Redox regulation has also been hypothesized to be very important in modulating the flux

of homocysteine through transsulphuration (Jthus et al., 2002).

In summary, there are key research areas that have been advanced in this trial.

First, a dietary induced cobalamin deficiency produced increased total plasma

homocysteine in pigs in both the fed and fasted states. As well, free homocysteine

increased by approximately l0%o inthe fed state, as compared to the fasted state. This

novel and important finding suggests that free homocysteine in the fed state may be a

more sensitive indicator of cobalamin status, as compared to either total or bound plasma
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homocysteine. Secondly, this trial has identified a factor that can be manipulated and

used in further transsulphuration studies. Cobalamin and its impact on serine flux and

transsulphuration kinetics will be very valuable information in the future. Finally, the

impact of feeding state on plasma homocysteine measurements was determined. In both

the cobalamin deficient and control pigs, it was discovered that plasma total

homocysteine levels were not different when the measurements were taken in either the

fed or fasted state of the pigs. This showed that blood sampling for total homocysteine

could occur at any time point, although leaves us questioning as to whether free

homocysteine is a more sensitive indicator of homocysteine values and, as such, may be a

more useful measurement.
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The direct determination of homocysteine flux necessitates a suitably labeled

form of homocysteine for tracer studies. Such a compound is not available commercially

and must therefore be synthesized. The infusion of ¡3sS1 homocysteine into piglets would

allow for the direct measurement of homocysteine flux and thus give an estimate of

quantification of homocysteine metabolism through the remethylation and

transsulphuration pathways. This information would of course be valuable to then further

explore factors that affect the rate of metabolism through these pathways. However, as

commercial sources of ¡3sS1 homocysteine are unavailable, its synthesis would be

required. Previous work by Grunbaum et al. (1990) indicated that ¡3ss1l-homocysteine

could be synthesized from f3ss1l-methionine, a compound that is commercially

available. The mechanism behind this reaction includes the de-methylation of

methionine by exposure to hydroiodic acid (Baerstein, 1934).

5.1 INTRODUCTION
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The objective of this manuscript was to synthesize ¡3sS1 homocysteine from ¡3ssi

methionine and then use this product in piglet infusions. The hypothesis is that the

synthesis of ¡3s51 homocysteine can be completed. The null hypothesis is that [35S]

homocysteine cannot be synthesized from [3sS] methionine and used for infusions.

5.2 I{YPOTHESIS AND OBJECTIVE
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Several extensive attempts were undertaken in the laboratory to synthesize [3sS]

homocysteine using the radioisotope [35S] methionine. Due to possible contamination of

methionine with methionine sulfoxides, the [35S] methionine was first purified using ion

chromotography, according to Blom and Huijmans (1995). The method to then

synthesize ¡3551 homocysteine from ¡35S] methionine was based on the materials and

methods from the study of Grunbaum et al. (1990). The procedure used was as follows:

20 mL of 37% hydroiodic acid was placed in a round vessel and I g of D,L-[3ss1

methionine was added. The solution was then boiled in mineral oil at 140oC for

approximately l6 hours. After this incubation period the vessel was cooled and placed

on a rotating evaporator in a boiling water bath to dry off the liquid. It was then washed

twice with ethyl acetate in the rotating evaporator and filtered. This produced [35S]

homocysteine thiolactone, which must still be converted to [3sS1 homocysteine. To

accomplish this, 1 15.2 mgof the ¡3551 homocysteine thiolactone was mixed with 2.5 mol

L-l NaoH in a test tube. After 5 minutes of incubation the pH was adjusted to

approximately 6 with HCI (1 mol t-t;. this was brought to a final volume of 100 mL

with Milli-Q water giving a 7.5 mmol L-l solution of ¡3sS1 homocysteine in water, which

was further diluted to reach a final concentration of 0.075 mmol L-I.

Several fractions of the solution were collected at various time points during the

procedure for analysis of radioactivity. The fractions were then analyzed on a Wallac

Winspectral liquid scintillation counter. Of the total radioactivity, less than 20%o was

associated with methionine.

5.3 MATERIALS AND METHODS
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When [3sS] methionine was used only approximately 20Yo of theoriginal

radioactivity was actually found once it was purified. This was due to the contamination

of two commercial sources of ¡3551 methionine by the presence of sulfoxides, thus

reducing the amount of ¡3sS1 homocysteine that would be able to be formed. These

results were also found in the study of Rao et al. (1990). The commercially purchased

[35S] methionine was contaminated with approximately 2}-4}%methionine sulfoxide.

Attempts to purifu the ¡3sS] methionine using a lithium citrate buffer in an amino acid

analyzer were unsuccessful. This low amount of recovery of ¡3551 activity in methionine

was determined to be unsuitable for use in further experiments to determine specific

radioactivity and flux values. The reasons for this are two-fold. First, the loss of 80% of

[35S] methionine yields a method which is cost prohibitive. Second, is the resulting

activity of ¡3sS1 methionine after purification was not high enough to be converted to

¡3551 homocysteine to obtain the measurements needed. With this information in hand, it

was decided to concentrate on the transsulphuration pathway of methionine metabolism

looking specifically at the quantification of serine flux and the transfer quotient of serine

to cysteine. These measurements can then later be used in further research to determine

transsulphuration rates. Therefore, it was decided to develop a model for serine flux

determination in vivo inthe piglet using IraC] serine as the infusion isotope.

5.4 RESULTS AND DISCUSSION
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DEVELOPMENT OF A \ilHOLE-BODY PIGLET MODEL TO HELP
DETERMINE FACTORS AF'FECTING TRANSSULPHURATION RATES AND

eUANTIFTcATIoN oF SERTNE FLUX usrNc 13H¡ snnrNn

6.0 MANUSCRIPT III

63



The metabolism of homocysteine occurs solely in the methionine cycle; thus it

can only be created from methionine and can only be disposed of by one of two methods.

Remethylation will convert homocysteine back to methionine, through the use of folate

and vitamin 812, and transsulphuration will catabolise homocysteine to cysteine and cr-

ketobutyrate. In the transsulphuration pathway, homocysteine first condenses with serine

to form cystathionine and that metabolite can then be converted into cysteine. It is

through this pathway that the fuither investigation of factors affecting homocysteine

metabolism needs to be developed.

The quantification of transsulphuration would help to further the understanding of

homocysteine metabolism. Different methods have been developed to attempt this, (refer

to Chapter 2), and include in vitro methods and methods that use stable and dual-labeled

isotopes infused into humans. There are, of course, both merits and disadvantages to

these methods. However, the development of a whole-body model to measure

transsulphuration that is capable of reacting to various manipulations, such as dietary,

hormonal, or feeding state, would be extremely valuable to the study of homocysteine

metabolism. To this end, a piglet model was used to develop a model for the

measurement of the rates of transsulphuration, based on the transfer of label from serine

to cysteine.

6.1 INTRODUCTION
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The main objective of this manuscript was to develop a whole-body piglet model

that could be used to help determine factors affecting homocysteine metabolism. This

model was intended for use in future research, as well as for the investigation of certain

components of the transsulphuration pathway in this manuscript. The specific objective

was to determine the quantification of ¡t4C1 or ¡3H1 serine flux and the transfer quotient

6.2 HYPOTHESIS AND OBJECTIVES

of ¡t4c1 or ¡3H1 serine to ¡14c1 or ¡3H1 cysteine in early weaned pigs consuming a

purified diet.

The hypothesis is that serine flux and the transfer quotient of serine to cysteine

can be quantified and used to further explore the transsulphuration pathway. The null

hypothesis is that serine flux and the transfer quotient cannot be quantified and used in

the study of transsulphuration.
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6.3.I ESTABLISHMENT OF A ['OC] SERINE MODEL TO DEVELOP OPTIMAL
CONDITIONS FOR DETERMINING SERINE FLUX IN THE PIGLET

6.3.1.1 GENERAL METHODOLOGY

The University of Manitoba Protocol Management Review Committee reviewed

and approved all experimental protocols. All animals in the experiments were cared for

according to guidelines established by the Canadian Council on Animal Care (1993).

These guidelines are enforced by the University of Manitoba Protocol Management

Review Committee.

6.3.1.2 ANIMALS

All piglets were obtained from the University of Manitoba's Glenlea Research

Station swine barn. Only male piglets were used and were castrated between 3 and,7

days of age. At 17 days of age (+l- I day),the piglets were weaned and brought to the

University of Manitoba Animal Science Research Unit (ASRU). For this ¡t4C] serine

experiment, 3 piglets were used. The pigs were fed the experimental diet for one week

prior to surgery and allowed to recover for one week post-sugery, to ensure the piglets

were eating and no infections had developed.

6.3.1.3 HOUSING AND SANITATION

Piglets were housed in individual pens. As pigs are highly social animals they do

not like to be housed separately, however due to the sensitive condition of the catheters it

was necessary to have them individually housed to reduce and minimi ze the risk of

disturbing the catheters. Thus the piglets were placed in pens that utilized clear

plexiglass as partitions enabling the piglets to see one another and also allowed them to

6.3 MATERIALS AND METHODS
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rub noses along the side of the glass. In addition the pigs were given toys to play with for

environmental en¡i chment purposes.

As collection of feces and urine was not required the pens used slotted

(tenderfoot) floors to promote sanitary conditions and reduce possible copraphagy. The

room was maintained at 30oC and was lit from 0800 to 1700. Each pen contained one

feeder and a nipple waterer, allowing ad libitum access to both feed and water. The pens

were cleaned as needed.

6.3.1.4 DIETS

Diets used were the same as those in Manuscript L The diets were fed to the pigs

once every 24 hours at approximately 0800 with the exception of the morning of surgery

and the morning of the infusion studies. On the day of surgery pigs were fed in the

afternoon after the surgery was completed. The piglets were fed in feeders designed to

minimize spillage and a tray was put undemeath as a precaution so that weighbacks

would be accurate. Feeders were cleaned out and weighbacks were obtained once a week

or more often if necessary. Due to the moisture level of the diets combined with the

room's hot air temperature (30'C), mold was prone to appear if the feeders were not well

maintained.

6.3.1.5 SURGERY

The piglets were anesthetized by the use of a tightly sealed mask tied to the

piglet's head. 4%o halothane in oxygen was used to induce the piglet and was after

maintained at approximately 2.5Yo halothane. The piglet was placed on the operating

table and thoroughly scrubbed with Hibitane skin cleanser, followed by 70% isopropyl

alcohol and finally a betadine (10% povidone-iodine) solution which was applied to the



entire left side of the pig, neck and throat regions, and the inner left hind leg. Once this

had been completed a warrn heating pad was placed under the piglet and the operation

begins.

The first incision was made on the left side of the piglet laterally on the shoulder

area. It is about 3 cm long and extends to the muscle layer. This incision was then

repeated at the side of the neck and at the top of the knee on the left hind leg. These

incisions were only 1.5 cm long. The jugular catheter (0.76mm ID x 1.65mm oD)

(Silastic Laboratory Tubing by Dow Coming) was then introduced by the use of a cutting

needle about 3 cm below the first incision and approximately 6 inches of the catheter was

left to remain outside the body. A grommet was threaded onto the catheter and advanced

to the point of incision. Using a trochar, the catheter was tturneled subcutaneously to the

incision at the side of the neck where it was exteriorized. At this point, the grommet was

sutured to the muscle layer, which functions to secure the catheter at the place of the first

incision. This procedure is repeated for the femoral catheter (0.64mm ID x 1.19 mm OD)

except that the catheter was tunneled to the incision on the knee. When both catheters

were securely in place the first incision was sutured with a few simple intemrpted stitches

in the muscle layer, a row of continuous stitches subcutaneously, followed by simple

intemrpted stitches holding the skin incision together.

A small lateral incision about 1.5 inches long was made just left of the midline on

the ventral side of the neck. Using curved hemostats for blunt dissection, the incision

was spread open until the jugular vein was exposed. A small portion of the jugular was

isolated and cleaned off to make the insertion of the catheter as unimpeded as possible.

Two silk threads (2-0) were passed undemeath the vein and then separated to each side of
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the cleared portion of the vein so that the vein could easily be lifted. The catheter was

then brought subcutaneously from the incision on the side of the neck to the site of the

vein and t¡immed until it had an estimated length, when advanced in the vein, to reach to

the top of the heart. It was trimmed on a diagonal to help the insertion go smoothly. A

grommet was then threaded onto the catheter and positioned at the point of entry to the

vein.

Before the catheter was inserted into the vein it had to be flushed with heparinized

saline (100 USP units heparin per ml saline) to prevent air pockets from being introduced

to the vein and minimize the risk of blood clots in the catheters. Thus, needles that have

flat ends were inserted into the ends of the catheters that had been previously exteriorized

in the shoulder area of the piglet. A PRN (Dow Corning) adapter was then attached to

each needle, which provided a sterile banier to the head of the catheter and also allows

blood sampling and the patency of the catheters to be maintained. The catheter was then

flushed with a syringe of heparinized saline through the PRN adapter and the surgery

resumed.

At this point an assistant was employed to hold up the silk strings on both sides of

the vein. After bending a23 gauge needle to approximately 90 degrees, the vein was

punctured with the bent needle and held in place until a catheter introducer was inserted

into the vein in its place. While the catheter introducer was held in one hand, the tip of

the catheter was directed, by the use of straight hemostats in the other hand, into the hole

in the vein. The catheter introducer was then removed and the catheter advanced while

the assistant simultaneously removed the pressure on the vein by letting down on the

strings. When the catheter had advanced fully, it was anchored into place at the point of
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entry by the grommet, which was se\ /n to the muscle layer surrounding the vein. At this

point the strings used to elevate the vein were removed and the catheter checked for

patency by drawing up blood with the syringe connected to the other end of the catheter

and sequentially flushing with heparinized saline. The incision \¡/as then closed and

sutured in the same manner as described for the first incision above the shoulder. As

well, the small incision at the side of the neck was sutured with a few simple intem:pted

stitches on the skin.

An incision of about 1.5 inches was made in the inguinal region, medial to the

sartorius muscle, of the piglet's inner left hind leg (the point where two muscles meet).

Again, blunt dissection was used to separate the muscle layers and locate the femoral

vein. The femoral vein was found quite deep and part of a bundle that contains the vein,

an artery, and a nerve. The vein had to be separated from these other structures with

great care as both the vein and artery are easily Íraumatized and thus would impede the

procedure ifsuch should occur.

The procedure to insert the catheter was exactly as described above for the jugular

vein. The length of the catheter was trimmed long enough so that when advanced in the

vein should reach the inferior vena cava. The patency of the catheter was checked before

proceeding to suture the incision. In addition, the small incision on the knee was also

sewn up.

At this point the halothane was tumed off to allow the piglet to come out of the

anaesthetic. The piglet was injected with Excenel (1mVl7 kg) intramuscularly to reduce

the chance of post-surgical infection and this was repeated for 3 days post-operation.

Hibitane Veterinary Ointment was applied liberally to all incision sites as a second
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measure against infection and also repeated for 3 days in conjunction with Excenel. As

well, the piglet was given an analgesic (Banamine) (1 mg/kg) to ease the pain. The piglet

was then fitted into a jacket equipped with pockets, which house the catheter heads and

allow for both protection and easy access to the catheters. The piglet was put back into

his pen and allowed to fully recover. The temperature was monitored for several days

post-operation and catheters were checked daily for patency.

6.3,1.6 INFUSION PROTOCOL

The isotope infusion began 7 days after surgery, at which time the piglets were

fully recovered. The piglet was moved to a modified metabolic cage, which allowed free

access to the catheters, while restricting movement of the pig in order to ensure that the

catheters did not become tangled. Food and water were offered ad libitum during the

infusions. A continuous infusion of the radiolabelled serine was administe¡ed through

the femoral catheter and a 3 ml blood sample was collected via the jugular catheter at the

following time points: T0, T15, T30, T45, T60, T90, T120, T150, T180, T2I0, andT240.

The blood sample was placed immediately on ice after collection and centrifuged

following the 4-hour infusion period. Afterwards, the plasma was collected in individual

microcentrifuge tubes and stored in the -80oC freezer until further analysis.

Following the infusion the piglet was killed by a.t euthanol injection. The kidneys

and liver were removed and immediately placed in liquid nitrogen for rapid freezing and

then transferred to the -80"C freezer. The body was frozen and then disposed of by the

University's radioactive disposal personnel.



6.3.t.7 PREPARATION OF [t4C] SERINE INFUSATE

Using aseptic technique, I25 pCi of L-[U-taC] serine (Amersham Pharmacia

Biotech UK Ltd., Little Chalfont, England, UK) was mixed with72.5 mL of sterile saline

in an autoclaved bottle. When time to infuse, a portion of the solution was withdrawn

into a sterile 60 cc syringe and placed into the infusion pump.

6.3.1.8 RECOVERY OF ¡r4Ci SERNE

Several attempts were undertaken to determine the most effective method to be

used to perform the sample biochemical analysis and recovery of the highest amount of

[raC] serine possible, based on Jones and Gillingham (1983). The first method used 325

pL of plasma mixed with 975 pL of acetonitrile (for precipitation of proteins). The

mixture was centrifuged for l0 minutes at 10,000 rpm and the supematant was collected

and dried with nitrogen gas. After drying, the contents were resuspended with a 200 ¡L

mixture of 20Yo acetonitrile and 80% 0.4 mol L-l sodium borate solution, (pH 9.5) made

with a 0.4 mol L-r sodium hydroxide solution and a 0.4 mol L-r borate acid solution. The

first variation of the previous method tried was with the precipitating agent, where 975

¡rL acetonitrile was mixed with 325 prl- of plasma. In place of the acetonitrile, four

options were tried: a) acetonitrile, b) 1:1 acetonitrile and deionized water, c) methanol,

and d) 1: I methanol and deionized water. The second variation trial used 325 ¡tL of

plasma mixed with 975 ¡rL of methanol (as the sole precipitating agent) but used different

resuspension solutions. The four different solutions used were: a) 20% acetonitrile and

80% 0.4 mol L-r sodium borate solution, (pH 9.5) made with a 0.4 mol L-r sodium

hydroxide solution and a 0.4 mol L'r borate acid solution (Na borate solution), b) a

solution of l0o/o methanol and9}Yo Na borate solution, c) a solution of 20%o methanol
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and80o/o Na borate solution, and d) a solution of 30% methanol and70%Na borate

solution. Four replicates of each sample were analyzed and all methods were analyzed

by counting the amount of radioactivity recovered from the original sample on the Wallac

V/inspectral liquid scintillation counter.

6.3.1.9 PLASMA SERINE

Based on the materials and methods from the study of Vester and Rasuseen

(1991), plasma samples were thawed on ice and an aliquot of 325 ¡rL was mixed with975

¡rL of methanol in a polypropylene microcentrifuge tube. The mixture was then

centrifuged at 10,000 rpm for 10 minutes and the supernatant was transferred to

individual glass test tubes. The supernatent was then dried under nitrogen gas and heat

until no liquid remained (approximately 2 hours). At this point, the dried material in the

test tubes was resuspended with a mixture of 80% 0.4 mol L-l sodium borate solution,

(pH 9.5) made with a 0.4 mol L-l sodium hydroxide solution and a 0.4 mol L-r borate acid

solution, and20%o acetonitrile. A total of 500 pL was added to each test tube. The test

tubes were then mixed vigorously and 100 pL was removed and inserted into a250 ¡tL

flat bottom insert (Altech Associates Inc., Deerfield, IL, USA). This insert was then

placed into a 12 x32 mm clear screw cap vial (Altech Associates Inc., Deerf,reld, IL,

USA), capped with polypropyl open hole caps (Altech Associates Inc., Deerfield, IL,

USA), and fitted with tfelsilicone liners (Altech Associates Inc., Deerfield, IL, USA).

The samples were then loaded into a SCL-104 VP Shimadzu HPLC system (Man-Tech

Associates Inc., Guelph, oN, Canada) where 5 ¡-rL was injected onto a Hypersil@ oDS

cr8 reverse-phase column (4.6 x 150 mm, 5 pm) (Man-Tech Associates Inc., Guelph,
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ON, Canada)' A 0.1 mM serine standard was prepared in the mixture of B0o/o 0.4 M

sodium borate buffer (pH 9.5) and20%o acetonitrile.

The preparation of o-Phthaldialdehyde (OPA), for amino acid analysis was based

on Jones and Gillingham (1983): 50 mg of OPA was dissolved in L25 mLof methanol in

a polypropylene microcentrifuge tube and mixed. A 0.4 M sodium borate buffer was

then prepared to pH 9.5. ll.2 mL of this buffer was then mixed with all of the

OPA/methanol mixture and 50 pL of 2-mercaptoethanol. The final OPA solution was

then filtered through a0.2 ¡tm4 mm syringe driven filter unit (Millex@-FG) into a HpLC

vial described above. 5 pL of OPA was mixed with 5 ¡rL of plasma sample within the

HPLC unit and injected onto the column.

The first buffer used in the OPA method was a 0.1 M sodium acetate solution,

which was brought to pH 7.Zby adding 0.1 M glacial acetic acid. This solurion was then

mixed with methanol and tetrahydrofuran in a 180: 19: I ratio, respectively. Before use,

the solution was fÏltered through a0.22 ¡rm MSI filter (Fisher Scientific, Ottawa, ON,

Canada)' The buffer had a flow rate of 1.0 mL minute-'. Thr second buffer used was

methanol, also filtered, with the same flow rate. The intensity of fluorescence of OpA,

directly related to serine concentrations present, was measured with excitation at 385 nm

and emission at 515 nm. The detection signal was recorded and the peaks of the

chromatographs are quantified using a Class VP ch¡omatography data system. Plasma

serine concentrations could then be determined relative to the area of the peak of the 0.1

mM serine standard.

6.3.1.10 pLASMe ['oC] SERTNE ENzuCHMENT
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Plasma samples for determination of ¡t4C1 serine enrichment were prepared by the

same methods used for plasma serine analysis, as described in the previous section.

However, instead of injecting 5 ¡rL of plasma and 5 pL of OpA onto the HpLC column,

i00 pL of plasma and 100 pL of OPA were internally mixed and 10 ¡rL were then

injected onto the column. Then, according to the previously determined retention time of

serine on the HPLC reverse-phase column (derived from the plasma serine concentration

analysis), approximately 8 fractions of the HPLC eluent were collected for each plasma

sample in a plastic vial. The total volume collected per fraction was I mL and the total

collection time per fraction was I minute. Four mL of liquid scintillation cocktail was

added to each fraction vial and then they were capped and shaken vigorously. The vials

were then placed in a liquid scintillation counter (Wallac Winspectral) and counted for l0

minutes each to determine radioactivity.

6.3.2 ESTABLISHMENT OF A trHl SERINE MODEL

6.3.2.1 GENERAL METHODOLOGY

The general methodology for the development of the [3H] serine model was the

same as that for the ¡t4C1 serine model, Section 6.3.I,and includes the animals, housing

and sanitation, diets, surgery, and infusion protocol, sections 6.3. L 1 - 6.3.1 .5

respectively' There were two separate experiments conducted, due to the fact that only 6

pigs could be housed at one time. All of the biochemical analyses used the same methods

for both trials.

6.3.2.2 PLASMA SERINE



Plasma serine samples were analyzed according to the methods described in

Section 6.3.1.9.

6.3.2.3 LIVER SERINE

Livers were thawed on ice and then an aliquot of 1 g was cut from an inner

middle section of the liver and placed in a plastic centrifuge tube. Four mL of methanol

were added to precipitate the protein fraction and the mixture was homogenized

(Ultraturrax Homogenizer) for 30 seconds at 80%o maximum output. The mixtwe was

then centrifuged at 10,000 x g for 30 minutes at -4"C and the supematant was decanted

into glass test tubes and placed under nitrogen gas and heated to 70.C to remove the

remaining liquid (approximately 3 hours). Once dry, the residues were resuspended with

1 mL of a mixture of 20% acetonitrile and 80% of a 0.4 mol L-l sodium borate solution,

úrH 9.5) made with a 0.4 mol L-r sodium hydroxide solution and a 0.4 mol L-l borate acid

solution' This was then filtered with a 0.2 micron syringe driven filter unit into a

polypropylene microcentrifuge tube and 100 pL was removed and inserted into the glass

flat bottom HPLC vial inserts (as described in the previous section). Liver serine

concentrations were then analyzed by HPLC using the same methods and reagents as

described in the previous section for plasma serine analysis.

6.3.2.4 PLASMA ¡3H1 Srnn rE ENzuCHMENT

Plasma samples for determination of ¡3ff1 serine enrichment were prepared by the

same methods outlined in Section 6.3.1.10.

6.3.2.5 LIVER ¡3H1 SenniE ENRTCHMENT
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Liver samples \¡/ere prepared as outlined in Sectio n 6.3.2.3. Once the samples

were prepared for HPLC analysis, they were treated exactly as the plasma samples to be

analyzedfor ¡3u] serine enrichment, as described in section 6.3.1.10.

6.3.2.6 PLASMA ¡3H1 CVSTETNE ENRICHMENT

An HPLC procedure was used as one method to determine cysteine enrichment.

In brief,, 350 pL of standard or plasma sample was mixed with 50 ¡rL of 100 mg ml-r tris

(2-carboxyethyl)-phosphine hydrochloride (Pierce, Rockford, IL, USA) to reduce bound

cysteine' The reduction proceeded for 30 minutes at room temperature. Samples were

then centrifuged at 10,000 rpm for l0 minutes at which time the supernatant was

decanted and transferred to glass test tubes. The tubes were then placed under nitrogen

gas at 70'C until dry. At this point, 250 ¡L of a I mg ml,-rsolution of ammonium 7-

fluorobenzo-2-oxa-1,3-diazole-4-sulfonic acid (Sigma chemical co., st. Louis, Mo,

usA), 250 ¡L of 2 mol L-r potassium borate, pH 9.5, and 500 ¡L of 2mol L-r

potassium borate, pH 10.5, containing 5 mmol L-t EDTA were added to the test tubes.

The contents were vortexed and then transferred to polypropylene microcentrifuge tubes,

which were incubated at 60'C in a water bath for 60 minutes. After cooling, 200 pL of

each sample was transferred to the HPLC vials and was ready for HPLC analysis, as

described in Section 2.3.2. A 0.1 mol L-l acetate buffer, pH 4.0, containing 20 mLL-l

was prepared from 0.1 mol L-l acetic acid and 0.1 mol L'l sodium acetate and was filtered

before use. A 1.0 mM cysteine standard was prepffed and used for reference and

quantification purposes. Eight fractions were collected for each sample, as described in

Section 2'3 '4, and these fractions were analyzed for radioactivity by liquid scintillation

counting technique. Because this technique did not produce desirable results, as
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discussed in the results section, another method of detection of plasma fH] cysteine was

pursued.

It was decided to attempt paper chromatography as a method of separating the

serine and cysteine fractions of the plasma, thus enabling the quantification of [3H]

cysteine. The procedure followed was an adaptation of Cawley et al. (1 967). After

several trial and error attempts to determine the most proficient running buffer for the

conditions, l2:3:5 volumes of l-Butanol, Acetic acid, and Milli-e ptuified water

respectively were mixed together and approximately 300 mL was poured into the bottom

of the paper chromatography chamber. The lid was placed on so that the chamber would

become saturated with the solution and this was left for several hours.

To prepare the plasma samples for the paper chromatography, 40 ¡úof tris (2_

carboxyethyl)-phosphine hydrochloride was added to 300 pL of plasm ain a

microcentrifuge tube and left at room temperatwe for 30 minutes. After the incubation

period, 960 ¡rL of methanol was added and then the mixture was centrifuged at 10,000

rpm for l0 minutes' The supematant was transferred to glass test tubes and left to dry

under nitrogen gas and heat. The dried sediments were then resuspended with 100 pL of

acetonitrile and 100 ¡iL of Milli-Q purified water and vortexed. The samples were then

spotted onto the chromatography paper. Each sample and standard was run in duplicate

with 2 different concentrations, 25 and 40 pL. The sample was applied using a

micropipet 4-5 ¡L at a time, and only reapplied once the previous spot had completely

dried. The dimensions of the paper were 15 cm wide x 50 cm long. The origin of the

samples was identified by a dot on a line drawn approximately 1 1.5 cm from the top of

the paper. Th¡ee samples, spaced approximately 3.5 cm apart, were used on each paper.
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The standard used for identification purposes was a combined I mmol L-t serine and 10

mmol L-l cysteine standard.

After the papers were placed in the chamber (one on each side), extra solvent was

poured into the holding reservoir at top and the lid was closed. The running time was

approximately 17 hours to promote maximum travelling distance of the solvent front

ensuring good separation of the components. When the papers were removed, a line was

immediately drawn across the paper showing where the solvent front traveled. The

papers were hung to dry in a fume hood using a low heat air dryer. once dry, the paper

was cut into th¡ee columns, 2 cm wide each with the sample origin in the middle of each

strip, and only the standard was sprayed with a mixture of 350 mL ethanol, 150 mL acetic

acid, and I g ninhydrin. Once saturated, the paper was again dried with the hot air dryer

and the cysteine and serine spots became visible. Each strip of paper bearing a sample

was cut into I cm pieces and those were added to individual liquid scintillation vials, to

which 4 mL of liquid scintillation cocktail was added. These were then counted for [3H]

radioactivity on the winspectral liquid scintillation counter.

6.3.2.7 LIVER t3Hl cysrEINE ENzuCHMENT

Liver samples were prepared according to the methods outlined in Section 6.3.2.3.

The samples were analyzed on the HPLC system and fractions were collected according

to the retention time of cysteine standards on the column. The fractions were analyzed on

the winspectral liquid scintillation counter, according to section 6.3. L 10.

6.3.2.8 EXPEzuMENT I

This experiment utilized 6 male early weaned piglets. The piglets were fed on the

experimental diet for 3-5 days prior to surgery. Following surgery, a recovery period of
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one \¡¡eek was allowed before infusions began to ensure the piglets were eating and no

infections had developed' During this one week period, 2 of the piglets (pig # 1 and pig

# 2) had pulled out their catheters leaving them unusable and thus these two pigs were

removed from the experiment.

Using aseptic technique, 2.5 mLof serine L-[3H(G)- (perkinElmer Life sciences,

Inc', Boston, MA, USA) was mixed with72.5 mL of sterile saline in an autoclaved bottle.

A portion was withdrawn with a sterile 60 cc syringe and loaded into the infusion pump

when ready for use.

6.3.2.9 EXPERIMENT 2

This experiment used 5 piglets, as described in the previous section. The piglets

were fed for only I -3 days, as determined adequate, prior to surgery. Again, a one week

recovery period was allowed and this time one piglet's (Pig # l) catheters had become

clotted and were unable to be used for infusions and sampring.

6.3.3

Rr:

CALCULATIONS

Distance from origin to solvent front

Serine flux can be determined as follows:

l) During the primed, constant infusion of [3H]-serine, blood was sampled and dose
established:

Dose (DPM kg-rhr-r;: Itt

2) Specific radioactivity (SRA) was determined:

SRA (DPM nmol -r¡ : DpM ml-r

Weight of pig (kg)



3) Serine flux (Q) is calculated:

Q (nmol(kg*h)-r) : Dose (DPM kg-r hr-r)
Plateau of SRA (DPM nmol-r¡

nmols ml--l
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6.4.1 POTENTIAL FOR USING ['OC] SERINE TO MODEL TRANSSULPHURATION
RATES

6,4.1.1 PIG PERFORMANCE

The ADFI for the pigs was 320 + 50 g (mean + SD) while ADG was 2l | + 107 g

(mean + SD). Feed conversion efficiency for the pigs was 0.63 + 0.25 g (mean + SD).

These data show that the pigs recovered well and were consuming food after the surgery.

6.4.1.2 RECOVERY OF ¡'4C1 SennvE

Tables 4 and 5 show the relative recoveries of the different precipitating agents

and resuspension solutions used. Based on these results, it was decided to use methanol

as the sole precipitating agent and the original mixture of 20%o acetonitrile and 80Yo 0.4

mol L-l sodium borate solution, þH 9.5), as the resuspension solution. This produced a

final recovery of approximat ely 90Yo of ¡t4C1 serine, relative to the original sample

activity.

6.4 RESULTS AND DISCUSSION
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Table 4. Recovery of ¡14C1 serine using four different precipitating agents with the same
resuspension solution (1:4 acetonitrile and Na Borate solution).

Precipitating Agent Final Recovery o/o'
_r:

Acetonitrile
1:1 Acetonitrile and water
Methanol
1:1 Methanol and water

% recovered from original sample amount

'Mean + Standard Deviation (n=4)

71.63 + 2.232

75.24 + 0.38
89.95 + 3.51
51 .68 + 0.18



Table 5. Recovery of ¡t4C1 serine using four different resuspension solutions and
methanol as the precipitating agent.

1:4 Acetonitrile and Na Borate solution
1:9 Methanol and Na Borate solution
1:4 Methanol and Na Borate solution
1:2.3 Methanol and Na Borate solution

7o recovered from original sample amount

'Mean + Standard Deviation (n=4)

Final Recovery %

84

89.95 + 3.5(
90.67 + 4.51
87.56 + 3.73
87.98 + 2.64



6.4.1.3 PLASMA SERINE

Individual mean plasma serine concentrations in nmol mL-l + SD were2BT + 19,

3 19 + 19, and 436 + 22 for the three piglets. The mean value for the three pigs was 347 +

22 nmols ml--l. This value is slightly lower than the concentration of plasma serine in

piglets reported by Bertolo et al. (2000) which was 398 ! 72 nmols ml--r. This

discrepancy may be due to differences in plasma sample preparation or diet of the piglets.

6.4.1.4 SPECTFTC RADTOACTTVTTY (SRA) AND FLUX

The three pigs used in this experiment were subjected to different infusion rates

(or doses) of ¡t4C1 serine in order to determine the optimal infusion rate for serine flux

determination. Figures2,3, and 4 show each individual pig's SRA with the different

doses infused. The ratio of prime to constant infusion is adequate in Figure 2,butis too

high in Figures 3 and 4. This information is useful in terms of SRA plateau establishment

and the determination of dose. It is clear that the amount of ¡t4C1 serine infused is quite

low in terms of radioactivity. The SRA is much lower than values other studies have

obtained using radiolabeled isotopic infusions in metabolism studies. Thus, it can be

concluded that the doses in this case were too low. It is highly unlikely that any tumover

of ¡14C1 serine to [14C1 cysteine would be detected with these infusion rates. The solution

would be either to highly increase the amount of ¡14C1 serine infused or change the

isotope used. Because ¡lac1 serine is quite costly, it was decided to use a different

isotope that is less expensive, [3H] serine. This can be infused at the higher rates

necessary without incurring extremely high costs. Therefore the subsequent
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Figure 2. Specific radioactivity of raC serine in plasma of Piglet #1 during a
primed 4 hour constant infusion using a dose of 4.4 x 106 DPM (kg*hr)-t.
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Figure 3. Specific radioactivity of raC serine in plasma of Piglet #2 during a
primed 4 hour constant infusion with a dose of 2.2 x 106 DPM (kg*hr)-l.

T30 T60 T120 T180
Time

87

T240



3

2.5

õE¿
€

È15

1

0.5

Figure 4. Specific radioactivity of raC serine in plasma of Piglet #3 during a
primed 4 hour constant infusion with a dose of 3.3 x 106 DPM (kg*hr)-t.
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experiments employed the use of ¡3U1 serine as opposed to ¡14C1 serine, both of which are

suitable for the determination of serine flux and the transfer quotient to cysteine.

Table 6 shows the individual SRA plateau values and fluxes as well as the mean

flux and coefficient of variarion (CV).



Table 6. Individual plasma SRA plateau averages and individual and mean fluxes.

Pig#1
Pig#2
Pig#3

Mean
cv (%)

sRAl(DPM nmol-1)

ISRA reported as the plateau average

4.88 + 0.37
1.37 + 0.21
1.57 + 0.18

Flux lnmol fkq*hrl'1

90'1845

1601942
2100424

1534737 + 602109
39.23
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6.4.2 ESTABLTSHMENT OF A rHl SERTNE MODEL

6.4.2.1EXPERIMENT I

6.4.2.1. I PIG PERFORMANCE

The mean ADFI and SD in grams for the four piglets used was 235 + 62. The

ADG was 130 + 58 (mean + SD) and FCE was 0.56 + 0.18 (mean t SD). As noted

previously, these data indicate that the pigs were adequately recovered from surgery to

consume food and grow.

6.4.2.1.2. PLASMA SERINE

Individual and mean plasma serine values are depicted in Table 7. The mean

plasma serine value of 525 + 1 18 nmol ml.-l was slightly higher than expected. It is

much higher than the value determined in the [laC] serine model (347 ntnolml-r) and

higher than the value reported by Bertolo et al. (2000), which was 398 + 72 nmols mL-I.

The only explanation for this finding is that one pig did have much higher plasma serine

concentrations than the others. Since the sample pool is very small (n:4), this would

affect the mean serine concentration.

6.4.2.1.3 LIVER SERINE

9t

Individual and mean liver serine values are shown in Table 7. Mean liver serine

concentrati on (457 + 75 nmol g-l¡ was lower than mean plasma serine concentrati on (525

+ 1 18 nmol ml-l). This was expected, as tissue pools of amino acids are less

concentrated than the plasma pool.

6.4.2.1.4 PLASMA SRA AND FLUX

Much higher doses of ¡3U1 serine were used in this experiment, compared to the

[raC] serine infusion. Pig # 6 had an infusate that measured 5.30 x 106 DPM/kg/hr, which
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was lower by a factor of 10 as to what the calculated infusate should have measured.

This can only be explained by human error, either in the calculations used to prepare the

infusate or in the actual preparation of the infusate itself. Because this was the case, pig

# 6 was not used in further data analysis of mean flux or in the mean SRA graph, shown

in Figure 5.

As illustrated in the graph showing SRA, isotopic steady state or plateau of

infused [3H] serine in the plasma was obtained between 0.5-0.75 hours. The prime to

infusion ratio was slightly too high, as evidenced by the spike in the plateau at T15. The

time needed to reach plateau is consistent with results of Gregory III et al. (2000) and

Cuskelly et al. (2001) who reported an isotopic steady state of infused [2H3] serine in the

plasma to be at 0.5-1 hour. The time needed to reach isotopic steady state will depend on

the metabolite being studied. For instance, radiolabeled methionine also reaches a

plateau in approximately one hour while both homocysteine and cystathionine will not

reach steady state conditions until after six hours (MacCoss et al., 2001). This is because

it takes some time for the tracer to enter cells and equilibrate with intracellular

methionine, convert to homocysteine, and then be transported back into circulation. This

principle is interesting, as will be discussed in a later section in relation to the conversion

of ¡3H1 serine to [3H] cysteine.

Mean plasma flux for the piglets is shown in Table 8. This value of 1.89 mmols *

0.65 mmol (kg*hr)-t is substantially higher than the plasma [2H3] serine flux value of 0.14

+ 0'02 mmol (kg*hr)-rreported by Gregory III et al. (2000). As well, it is much higher

than the plasma [2H3] serine flux value of 0.19 + 0.04 mmol (kg*hr)'t reported by

Cuskelly et al. (2001). There may be many reasons for this, which may be speculated
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upon. One may be the fact that diet alters flux (MacCoss et al., 2001) and therefore the

feeding state of the subjects would affect the outcome of serine flux. In this case, the

animals were in the fed state while the subjects from the other trials were fasting. It then

follows that the piglets from this trial have higher serine flux rates, which was the case.

Another possible reason for the higher flux values reported in other studies is that there is

obviously a species difference between subjects. While this study employed the use of

piglets, both the studies of Gregory III et al. (2000) and Cuskelly et al. (2001) used

humans. It is very likely that flux values are different, given that most amino acids and

other metabolite concentrations are different between humans and pigs. A third reason

for the observed differences can be attributed to the different isotopes used in each study.

Because of this, different rates were infused which would result in different serine

enrichment levels and plateaus. No information on serine flux in pigs was available.
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6.4.2.1.5 LIVER SRA AND FLUX

Liver SRA and flux individual and mean values are displayed in Table 7. The

mean liver flux values are higher than mean plasma flux values. This was expected and

is due to the fact SRA is generally found to be lower in tissues after infusions than in the

plasma. The reason being is that the isotope, in this case serine, is infused directly into

the plasma. Once the serine isotope is in the plasma, it will then be distributed to the

various tissues. Once it reaches the liver, it has undergone some dilution from the

original infusion levels. Once in the liver, the serine must then be converted to cysteine,

thus undergoing further dilutions, and it can finally be circulated in the plasma as

radiolabeled cysteine. When plasma samples were obtained during infusions, it was then

very difficult to record any significant level of [3H]cysteine after having been diluted

from the original [3H] activity. This was also confirmed in studies by House et al. (1997)

using phenylalanine and Gregory et al. (2000) using serine. However, contrary to these

findings were those of Davis et al. (1989) who reported no differences in plasma and

muscle SRA in rats infused with labeled phenylalanine.
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Table 7' Plasma and liver serine concentrations, SRA, and flux values in piglets infused [ 
3H] serine

in experiment 1.

Pig#3
Pig#4
Pig#5
Pig#6

Serine
(nmolmLl)

Mean
St. Dev. Q)

466 r 52
408 + 42
682 1 54
545 + 99

SRA Plateau
(DPM nmoll)

CV

Plasma

n=4
2 n=3

' Mean dose + standard Deviation was 5g2ss34o1 3410007 DpM (kg*hr)1

31.1!2.6
43.9 j 5.8
24.1 !1.7
23.6 t 1.8

5251
118
23

Flux
(kg*hr)t)

332
10.0
30.4

1.81

1.29
2.58
0.22

Serine SRA Plateau Flux
(nmolgl) (DPMnmoll) (mmot(kg.hr/)

1.gg 2,3

0.65
35

439
405
417
568

Liver

96

4571
75
16

14.2
13
9.3
8.2

12.22
2.5
21.0

3.97
4.33
6.68
0.65

4.gg 2'3

0.15
29



6.4.2.1.6 PLASMA rHl CYSTETNE ENRTCHMENT

The HPLC method was not successful for the detection of plasma [3H] cysteine.

Cysteine has a retention time of 3 minutes on the column with this system of analysis.

Fractions were collected for the first eight minutes of each sample's run on the HPLC and

counted for radioactivity level. Thus, the counts detected (in DPM) should conespond to

approximately the third minute of eluent discharge, which would be equal to the third

fraction collected. As Figure 6 depicts, there is no radioactivity above background

associated with the third fraction. There is, however, measurable activity that

corresponds with the first and second fractions. The peak associated with the solvent

front, which comes off the column in the first minute or two, can explain the high counts

of ¡3H1 seen here. This means there is not a good enough separation of cysteine from the

solvent front coming off the column and thus some contamination has occurred.

As there was no radioactivity found in the third fraction, three possible theories

can be speculated upon. The first is that there was not enough [3H] serine infused into the

piglets to detect any tumover from the plasma serine pool to the plasma cysteine pool in

the transsulfi.uation pathway. This is quite possible, as the ¡3H] becomes diluted within

the main tissues used in the conversion of homocysteine to cysteine (liver, kidney, and
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pancreas). Thus, the [3H] cysteine entering the plasma pool may be undetectable at the

levels infused. Studies using stable isotopes infuse much higher amounts of the amino

acid of interest into the subjects. However, as discussed in the Literature Review, this

approach was not undertaken due to the effect these high amounts infused may have on

the free amino acid pool. Although this may not be the most desirable method, it is



something that will need to be considered for further trials as it produces quantifiable

results.

infusion time was not long enough to detect turnover from ¡3H] serine to [3H] cysteine.

This seems possible due to the long period of time it takes for infused labeled methionine

to become equilibrated with intracellular methionine and intracellular homocysteine

pools, as shown in the results of MacCoss et al. (2001). The authors report that long

infusions of up to 8 hou¡s are required to measure intracellular methionine tracer

enrichments through plasma homocysteine or cystathionine. Thus, it stands to reason that

for [3H1 serine to equilibrate with intracellular serine pools and be converted to cysteine

through cystathionine may take longer than had been expected. For this reason, infusions

of up to eight hours may have produced more desirable results and this is something that

should be considered in future trials.

The last theory regarding the lack of ¡3H1 cysteine is that the method was not able

to provide good enough cysteine separation and so another method was needed.

Therefore, the use of a paper chromatography method was employed.

The second theory concerning the lack of measurable [3U] cysteine is that the
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Figure 6. Radioactivity of [3H] measured in DPM corresponding to the retention time
and fractions collected during analysis of cysteine by HPLC.
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The paper chromatography method proved to be successful for the detection of

[3H] serine, however no ¡3H] cysteine could be detected. During attempts with non-

radiolabelled serine and cysteine, good separation was observed between the two

components and each were easily identifiable on the paper with highly defined spots,

after spraying with the ninhydrin solution. The R¡ value of serine was calculated to be

0'27 and cysteine's R¡ value was 0.38. These results differ somewhat from those of

Sherma and Zweig (197 1) who reported the R¡. values of serine and cystein e to be 0.22

and 0.10, respectively, under the same running conditions. However, the techniques used

to prepare the samples were different as well as the paper used and this could explain the

discrepancy in results.

When the paper chromatography samples were analyzed, for ¡3H1 serine and ¡3H1

cysteine activity, only [3H] serine could be positively identified in relation to the sample's

Rp value. Figure 7 illustrates the relationship between the DPM's counted and each cm

(or fraction) of the sample chromatography strip. The large increase in DPM's at the 11

cm fraction correlates with the distance serine traveled, thus it was expected to observe a

large majority of counts there. However, cysteine concentration should be expected

between i5 and 17 cm and no noticeable increase in DPM's can be detected. There was,

incidentally, an increase in DPM's at approximately 25 cm, which can only be explained

by the presence of a small amount of [3U1 in another, unidentified compound. Total

DPM recovery was lower than expected and was approximately 45Yo. Figtxe 7 shows the

values obtained for the plasma sample with an applied concentration of 25 ¡rL. The

values obtained for the plasma sample with a 40¡L applied concentration are not shown

as they are very similar.
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Figure 7. Relationship between ¡3H1 radioactivity (DPM) and the retention distance of
plasma serine and cysteine on paper chromatography.
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6.4.2.1.7 LrvER ¡3H1 cvsrnrNE ENRICHMENT

As was the case previously with serum [3H] cysteine, the determination of liver

[3H] cysteine enrichment was not possible. The fractions collected from cysteine HpLC

analysis contained no measurable counts of ¡3H1. The liver pool of [3H] cysteine would

have been expected to be slightly less than plasma because it is more diluted in individual

organs compared to plasma, which contains pools from all organs. Because more than

one method was used and all were of no avail, it can likely be concluded that the amount

of ¡3fq serine infused was not suff,rcient to quantify tumover into [3H] cysteine. This is

disappointing, as this measure was needed for the calculation of the transfer quotient and

ultimately the quantification of transsulphuration. It was believed that because higher

amounts were infused of [3U] serine than were with ¡t4ci serine, the turnover of [3H]

serine to [3U] cysteine would be measurable. Because this was not the case, the full

objectives of this thesis cannot be met. It is likely that further studies of this nature will

need to take a different approach by either infusing much higher amounts of either the

same isotope or switch to a stable isotope.

The inability to detect ¡3H1 labeling of plasma cysteine has also been encountered

in other studies. Both Culea and Hachey (1995) and Cuskelly et al. (2000) reporred a

similar lack of measurable labeling of plasma cysteine during primed, constant infusion

of a serine tracer in humans. In the study of Cuskelly et al. (2000), the intent of

determining fH] labeled cysteine was to assess transsulphuration kinetics and the effect

of dietary manipulations on such. Martinez efal. (2000) did, however, observe labeling

of plasma and hepatic cysteine after an intra-peritoneal flooding dose of serine in rats. It
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would therefore be useful to adapt those methods for use in further transsulphuration and

metabolism studies.

6.4.2,2 EXPEzuMENT II

6.4.2.2.1 PIG PERFORMANCE

The mean ADFI and SD for the four piglets in grams was 181 + 43. Average

daily gain (mean + SD) was 123 + 29 gand FCE was 0.70 + 0.08 (mean + SD). These

data are similar to those of the previous pigs used in Experiment I, though no formal

analysis was undertaken as this was not of significance to these studies.

6.4.2.2.2 PLASMA SERINE

Individual and mean plasma serine values are depicted in Table 8. The mean

plasma serine value was 351 + 69 nmol mL-|. This value is consistent with that reported

in the [raC] serine model (347 nrnolml-r) and slightly lower than the value reported by

Bertolo et al. (2000), which was 398 + 72 nmols ml-r.

6.4.2.2.3 LIVER SERINE

Individual and mean liver serine values are shown in Table 8. Mean liver serine

concentration (495 + 39) was close to that reported in Experiment 1 (457 !75 nmol g-r).

This value was higher than the mean plasma serine concentration of 351 + 69 nmol ml--l.

6.4.2.2.4 PLASMA SRA AND FLUX

The mean plasma SRA graph depicted over the 4 hour infusion is shown in Figure

8. Pig # 5's SRA is considerably higher than the other pigs. This is because the femoral

catheter became clotted during the recovery period from surgery until the day of

infusions and was unable to be used during the infusion. Thus, both the infusion and

blood sampling were car¡ied out via the jugular catheter. Although the catheter was



104

flushed with saline and a period of a minute had elapsed after the catheter was flushed

with saline and before the blood sample was taken, there was obviously contamination of

the blood with the [3H] serine infusate. For this reason, Pig # 5 was excluded from

further data analysis.

The mean dose used in Experiment 2 (1.02 x 108 DPM (kg*hr)-t was much higher

than the mean dose infused in Experiment I (5.83 x 107 DPM (kg*hr)-1. As a result, the

mean SRA plateau was approximately 85 + 11 DPM nmol-lin Experiment 2, as

compared to only 33 + 10 DPM nmol-l in Experiment 1. This would have thought to be

beneficial in terms of detecting turnover from [3H] serine to [3H] cysteine, however this

was not the case, as discussed in a proceeding section. Again, plateau establishment

occurred very quickly, within 0.5 hour. As well, the plateau is much more level, as

determined visually, compared to Experiment l, and the prime dose was about right in

relation to the plateau level. In Experiment 1, the prime to infusion ratio was slightly too

high.

In terms of flux, Experiment 2 had a lower mean flux ( 1 .27 x 106 nmol (kg*¡t;-t;

than Experiment 1 (1.89 x 106 nmol (kg*hr)-t). This can likely be attributed to the higher

SRA plateau achieved in Experiment 2 and although the dose was also higher, this was

not enough to increase mean flux. However, the [3H] serine flux value obtained in

Experiment2 was still very much higher than the published values obtained by Gregory

III et al. (2000) and Cuskelly et al. (2001), as discussed in Section6.4.2.l.4. The possible

reasons for this remain the same as those discussed in Section 6.4.2.1.4 as well.

Although it will not be possible to determine the transfer quotient from [3H] serine to

[3H] cysteine, due to lack of measurable radioactivity in cysteine, the values obtained
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from serine flux will be useful for further experiments as they represent a guideline for

serine flux in pigs. Both Experiment 1 and Experiment 2 obtained flux values in the

same range, which is encouraging. This can help to provide a measure of

transsulphuration in further trials as well as provide information on whole body

metabolism of homocysteine.
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Figure 8. Mean SRA during a primed constant infusion of ¡3H1 serine in
experiment 2.
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6.4.2.2.5 LIVER SRA AND FLUX

Liver SRA and flux individual and mean values are displayed in Table 8. The

mean liver flux values were higher than mean plasma flux values in Experiment2.

Again, this was to be expected as discussed in Section 6.4.2.L 5. As was the case for

plasma plateau SRA, liver SRA was much higher in Experiment 2 than in Experiment I

(20.22+2.26 compared to12.16+2.53 DPMg-r¡. Interestingtonoteisthemeanliver

flux value from Experiment 2 (5.09 x 106nmol (kg*hr)-t) which was very close to that

from Experiment 1 (4.99 x 106 nmol (kg*hr)-t). This repetition of results is a good sign

that all procedures were carried out correctly. It also suggests that it is a reliable measure

of ¡3H] serine liver flux in the pig, which is novel information.
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Table 8. Plasma and liver serine concentrations, SRA, and flux values in piglets infused fHl serine
in erperiment 2.

Serine
(nmolml_r)

Pig#2
Pig#3
Pig#4

#5

359 + 5g
399 + 8O

305r 48

Mean
St. Dev. ft)

SRA Plateau Flux
(DPMnmotl) (mmol(kg-hrJ)

Plasma

CV

337 + 54

n=4
2 

n=3

96.2 + 9.5
84.0t9.2
74.9 + 7.9

272.3+ 45.4

t 
Mean dose+ Standard Deviation was 10220207Q16460640 DpM (kg.hr)1

Not used in calculation of the mean.

351 
r

69
20

g5.02

10.7
12.6

1.14
1.16
1.33
0.36

Serine
(nmolgr)

1.21 2'3

0.r0
I

546
507
469
460

SRA Plateau Flux
(DPMnmotr) (mmot(kg.hrJ)

Liver

108

495 1

39
I

20.8
17.7
22.2
18.3

20.22
2.3
11.0

5.28
5.51

4.48
5.U

5.09 2'3

0.54
11



6.4.2.2.6 PLASMA AND LrVER rHl CYSTETNE ENRTCHMENT

The plasma and liver samples from Experiment 2 were analyzed according to the

same methods as Experiment 1. Unfortunately, results were also the same as those

reported in Experiment l, Sections 6.4.2.1.6 and 6.4.2.L 7, even with the higher doses of

[3H] serine used. Neither plasma nor liver [3H] cysteine could be detected thus not

enabling the determination of the transfer quotient from [3H] serine to [3H] cysteine. This

also is discussed in Sections 6.4.2.I.6 and 6.4.2.1.7. Although the full objectives of this

trial could not be met, the background work has been laid towards further research in this

area. Benchmark values for plasma and liver [3H] serine flux in the pig have been

determined, which is novel information, and these can be used in further metabolic trials.

As well, though it may not be the results desired, we have learned through trial and error

some valuable information in approaching transsulphuration quantification studies. We

have leamed what methods have merit and those that do not work under these conditions,

and provide a basis for future studies.

6.4.2.2.7 A COMPARISON OF PLASMA AND LIVER SRA

109

A comparison of plasma and liver SRA was undertaken to determine if there was

any correlation between the two variables (Figure 9). This graph used piglets from both

Experiment I and Experiment 2 (n:7). As depicted in the graph, there is a strong

positive correlation between plasma and liver SRA ß2 : 0.82). Thus, as plasma SRA

increases, liver SRA does as well. This is generally what would be expected. As the [3H]

serine is infused into the blood, plasma SRA rises. fhe [3H] serine will then enter the

cells of the tissues in which transsulphuration is carried out. In the piglet, this is mainly

the liver, kidney, and pancreas. Therefore, we see a rise in liver SRA. At the beginning
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of the infusions, there is likely a time delay before liver SRA increases comparably to

plasma SRA. Plasma plateau SRA is established relatively quickly (within 0.5 hours)

which can be determined though the samples collected at different time points throughout

the infusions. It is likely that liver SRA would take longer to reach isotopic plateau, as

compared to plasma. However, the liver samples can only be obtained at the end of the

infusions thus representing only one time point. Therefore, this comparison of SRA takes

place after 4 hours of infusion, when plasma SRA has reached plateau. But, this does not

mean liver SRA has reached an isotopic plateau and for this reason it would be

interesting to observe the relationship between the two variables all time points. This

may be considered for future study.

Another key observation is the slope of the line on the graph in Figure 9. This

slope value (0.16 x), derived from the regression equation, shows that liver SRA is only

160/o of plasma. This demonstrates that substantial dilution of liver serine has occurred

by endogenously produced serine. As liver SRA is only l6Yo of the original plasma

radioactivity, it can then be assumed that this small amount of radiolabeled serine would

go undetected when converted to cysteine in the transsulphuration pathway. This

explains why there were no measurable radioactive counts in cysteine, as cysteine would

also be diluted inside liver cells. Thus, in order for this type of study to produce

radioactive counts in cysteine either extremely high doses of an isotope would need to be

used, whether stable or radiolabeled, or a different method of measuring radioactivity,

such as mass spectrography, would need to be utilized. Therefore, transsulphuration rates

were unable to be quantified in this experiment, as radioactivity in cysteine would exist in

only trace amounts.
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Homocysteine metabolism is influenced and affected by many factors. In order to

more thoroughly investigate certain aspects, the development of a whole-body piglet

model was undertaken. The first step was to design an experimental diet that allowed for

the use of highly purified ingredients so that all nutritional factors could be accounted for.

This experimental diet can also offer future dietary manipulations and formulations of

interest to the study of homocysteine metabolism. The piglets were also able to sustain

adequate nourishment and growth under experimental conditions while consuming the

experimental diet.

7.0 GENERAL DISCUSSION

The second step in our process to develop a model in which to investigate factors

affecting homocysteine metabolism was to synthesize aradioactive isotope, which could

then be infused into the piglets and measurements taken. Our extensive attempts to

produce ¡3551 homocysteine from [3sS1 methionine were unsuccessful and thus our

attentions were tumed to different isotopes. After experimenting with ¡t4C] serine and

experiencing limited success due to low recovery, the final attempts to measure serine

flux were made with [3H] serine as higher levels could be infused into the piglets with

rt2

lower associated costs. Although serine flux could be quantified, dilution of [3H1 serine

in the liver did not provide enough residual activity to enable quantification of the

transfer quotient of ¡3U] serine to [3H] cysteine. When examining the SRA of plasma and

liver serine, plasma SRA has a much higher value (approximately 3.5 - 5-fold), when

compared to liver SRA. Because liver [3H] serine SRA is quite low, the amount that

could be incorporated into cysteine during the conversion of serine is minimal. As [3H]
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serine is infused into the blood, plasma samples taken have high SRA. The blood then

travels to various tissues including the liver, where it is diluted with non-radioactive

serine, and converted to cysteine. This resulted in undetectable cysteine counts, as

explained by observing only 160/o of the original radioactivity from the blood in the liver.

Some of the cysteine that is synthesized then leaves the liver and re-enters the plasma

pool, where it is further diluted with non-radioactive cysteine. When plasma samples

were measured for cysteine SRA, nothing was detected. This being the case, further

studies undertaken to investigate factors affecting homocysteine metabolism, and more

specifically transsulphuration, will need to be altered in perhaps both protocol and

materials used, such as the isotope.

Having said that, there is still some valuable information that can be gleaned from

this study. In the first manuscript, we found that a cobalamin deficiency produced much

higher levels of homocysteine in the plasma than the piglets consuming a control diet.

Although this was to be expected, the impact this will have on both serine and

homocysteine flux and the partitioning of homocysteine between the remethylation and

transsulphuration pathways is undetermined. The speculation is that most likely an

increase in homocysteine, due to insufficient vitamin B¡2 levels, will cause the

transsulphuration pathway to experience an increased load of homocysteine, as it is

unable to be sufficiently remethylated, and therefore we would see an increase in serine

flux as a result. By combining both of these trials and producing a cobalamin deficiency

while infusing a serine isotope, this hypothesis would be able to be tested and quantified.

As well, we now are able to determine the optimum states for subjects to be in

while under experimental conditions, in terms of nutritional state (fed or fasted), and



measuring homocysteine levels in plasma. We have determined that if total

homocysteine is being measured, feeding state will not impact results. However, the

proportion of free homocysteine increases in the fed state in both nutritionally adequate

(control) and vitamin B¡2 deficient pigs. This will be important when considering the

piglet model devised to study homocysteine metabolism.

The second manuscript was valuable from a research development standpoint.

Although many aspects of the objectives could not be met, much was leamed during the

process through trial and error. It is important to recognize that a basic model has been

successfully developed for the examination of factors affecting homocysteine

metabolism. The piglet model is one that resembles humans closely and is also valuable

to the animal science community in terms of nutritional sulphur amino acid studies. The

main advantages to the model created are that it allows for flexible experimental

parameters and ease of sampling. This piglet model can now be utilized to study any

variable of interest that may affect homocysteine metabolism. For instance, feeding the

cobalamin def,rcient diet to piglets while infusing a selected duel isotope capable of

quantifying transsulphuration would provide a direct comparison of transsulphuration

rates to piglets that are receiving a nutritionally adequate diet while being infused. The

applications of the piglet model are numerous and provide a unique research opportunity.

Aside from the research potential this piglet model delivers, some of the

information extracted during the studies has been valuable. Baseline plasma and liver

serine flux values for pigs have now been established, along with SRA. Experimentation

with infusion dose and the prime to constant infusion ratio have provided a solid

rr4



beginning point for further research in this area. As well, this study has provided

evidence of a strong, positive correlation between plasma and liver sRA.
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The study of factors of affecting homocysteine metabolism and, more specifically,

the transsulphuration pathway, need to be further researched in many directions. The

model developed in this thesis has considerable research potential if certain materials and

methods can be altered. One of the biggest obstacles for this thesis was trying to detect

[3H] cysteine activity. Because this was not accomplished, both the isotope used and

infusion procedure could be changed. The use of a dual-labelled isotope would be

valuable to obtain information on both serine and cysteine in the transsulphuration

pathway. This would allow for the quantification of transsulphuration rates. Also, the

use of a stable isotope, as well as higher infusion rates, may be advantageous to

determine transsulphuration kinetics. Simultaneous infusions of both radiolabelled serine

and cysteine should provide the information needed to determine the transfer quotient of

serine to cysteine, which is needed for transsulphuration quantification. Something else

to conside¡ is a longer infusion period, perhaps 8 hours instead of 4 hours. This is

because it is not determined whether the liver SRA has reached isotopic plateau after 4

hours. It would be valuable to have liver samples at different time points of the infusions,

to compare with plasma SRA, as opposed to just the end point.

Other research considerations can be carried out in conjunction with the

8.0 FUTURE RESEARCH RECOMMENDATIONS
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experimental diet developed. There are many nutritional deficiencies that can be induced

and studied while using the piglet model with simultaneous infusions to determine factors

that affect serine, cysteine, or overall transsulphuration metabolism such as:

o Cobalamin deficiency



Folate def,rciency

Pyridoxine deficiency

o Transsulphuration rates in the fed and fasted states

o Affect of methionine loading or a deficiency

o Affect of cysteine supplementation or a deficiency

Nutritional factors affecting thiol or redox status of plasma homocysteine

Nutritional factors which may affect the distibution of homocysteine between the

transsulphuration and remethylation pathways

The cause of elevated free homocysteine in the fed state

Impact of mineral def,rciencies on homocysteine metabolism

The availability of an in vivo model system for the determination of factors influencing

the transsulphuration rate will lead to the development of strategies for the optimal

management of early weaned pigs, and will also significantly advance our knowledge

base relative to the factors influencing homocysteine metabolism.
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