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Transsulphuration is a rnetabolic pathway in which homocysteine is metabolizecl to give

rise to cysteine, a precursor fol endogenous synthesis of glutathione and taurine in vivo.

The reduceci folm of glutathione plays a cdtical role in rnaintaining reducing intracellular

red-ox environment' Pyridoxal 5'-phospliate (PLP), the majol biological form of vitamin

86, s€rv€s as a cofactot' fot'key enzymes in the tlanssulphuration pathway a¡d one-calbon

metabolism' Therefore, studies exarnining the nutritional regulation of transsulph¡ration

via vitamin B6 defrciency are of irnportance to the health of humans and you¡g animals.

In the first study, changes in biochemical indices of sulphru amino acid metabolism were

chatacterized in piglets subjected to dietaly vitamin B6 depletion. Despite the use of a

pair'-feeding design, growth and feed efficiency in 86 deficient pigs were lower than

control pigs staÏting fi'orn the foultir week of clepletion. Pigs consnming a vitamil B6

deficient semi-purified diet showecl leduced plasma PLP concentrations throughout the 6-

week expeliment. Decreases in hepatic cystathionine beta synthase (CBS), cystathio¡ine

gamma lyase (CGL), serine hydroxymethyltransfelase (SHMT) activities and hepatic a'd

plasma cysteine concentrations clue to vitamin B6 cleficiency were observecl. By co¡trast,

severe hyperhomocysteinernia was observed starting from the fourlh week of depletion.

At the end of the 6tl'week of depletion, plasma methionine and serine concentrations

wele increased while glycine concentration was decreased by vitamin B6 depletio'. A

depletion-repletion study was then conclucted to further charactelize biochernical indices

of sulphuf amino acid metabolisrn in response to gladed levels of vitamin 86 r.epletio'

(0'75,7'5,2'25,3 mg/kg pyridoxine"Hcl) iri pigs deficient of vitamin 86. Significant

dose dependent incleases in plasma PLP and cysteine, and decreases in homocysteine to
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vitamin B6 repletion were demonsü'ated, and these wele sensitive to the duration of

lepletion' To have a better undelstanding of the quantitative impact of vitami' B6

deficiency on transsulphuration, kinetic rneasrres of cysteine metabolism were

undefiaken' In a pilot study, a stable isotope rnodel using L-12,3,3-d,3lser.i¡e ald L-[3-
l3c]cysteine 

to quantify the rate of transsulphtuation (TS), was established. Tlie rnodel

was preliminarily established with constant inñlsion doses for-L-[3-r3C]cystei'e and L:

[2,3,3-d3]serine at 7.5 pmou(kgJr) and 60 punori(kgJi), respectivery. This study was

used to establish infusion doses for the measurement of sedne and cysteine kinetics.

Results fi'om the pilot study were then incorpolated into a study clesigned to examine the

effect of vitarnin B6 deficiency on sedne and cystei¡e ki¡etics. The res,lts show that

whole body serine and cysteine fluxes were reduced by vitarnin B6 deficielcy. Due to the

extensive dilution of hepatic serine label, transfer to cysteine was not measurable i¡ either

group, and therefore the rate of tlanssulphuration could not be calculated. HoweveL,

reductions in enzyme activity support impairment in TS that may have led to a reduction

in cysteine rate of appearance. In summaly, the cunent research has led to the

development and characterization of a model of vitamin B6 deficiency in the pig that can

be used to establish quantitative estimates of the irnpact of vitarnin B6 status, as well as

other nutrients, on whole body sulphur arnino acid metabolisrn.
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The sulphur amino acids (SAA) rnethionine, cysteine and homocysteine have

been an impoltant lesealch topic in the last two decades due to the nutr.itional and

physiological roles of SAA and their metabolism in relation to the maintenance of body

fuirctiotl and healtli (Brosnan and Brosnan,2006). Both rnethionine ald cysteine serve as

components of body protein. The former is well recognized as an essential arnino acid in

mammals and the lattel is believed to be conditionally essential in pleterm infants or

under cilcumstances that imrnune system implovement needs to be addressed (Zlotldn

and Anders on,1982). As depicted in Figule 1, methionine is metabolized tl'ough the

transmethylation, rernethylation and transsulphulation pathways. Methylation reactions

in the tlansrnethylation pathway play an important role in the syrfhesis of srnall

molecules such as, creatine, phosphatidylcholine, ancl epinepluine, rnodification of

tnacromolecules (e.g. protein, DNA, RNA,lipid), cletoxification of xenobiotics (e.g.

thiols, arsenite) and inactivation of neurotlansmitters (e.g. epinepluine, nor.epinepluine,

dopamine) (Blosnan eta1.,2007). The rernethylation pathway is one of the major.

metabolic pathways that lemove homocysteine, the non-protein pr.oducilg thiol

associated with chronic diseases including cardiovascular heart disease, neutal clisease

and lenal disease (Wilcken and Wilcken, 2001). The tlanssulph¡ration pathway is also

an important catabolic route fol homocysteine clearance. At the same time, it is an

anabolic pathway for the endogenous ploduction of cysteine, the precursor for

CIIAPTER ONE

GENERAL II{TRODUCTIO}I



endogenous synthesis of glutathione and taurine. The transsulphuration pathway is

therefore, of importance to the health of humans and anirnals dne to its role in supplying

cysteine for the synthesis of glutathione (GSH), a major regulator of a reduced cellular'

envirorunent, and a mediator of many physiological reactions, such as, detoxification of

xenobiotics (Franco et a1.,2007).

Due to the significance of the transsr.rlphuration pathway to nutrition and health,

its regulation is of key importance. However', our understanding of the factors regulating

the production of cysteine thlough the transsulphulation pathway is incomplete. The use

of altemative tnodels, such as the measulement of whole body lates of sulphul alnino

acid rnetabolism ernploying isotope dilution principles, provides opportmities to furthel

understand the regulation of the transsulphulation pathway. The research presented in

this thesis describes the development and characterization of a piglet model of impailed

transsulphuration and its use to establish ldnetic lneasures of the rates of sulphur amino

acid metabolism in vivo.
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LITERATURE REVIEW

2.1 Sulphur Amino Acid Metabolism

2. 1. I General consideratiotts

Sulphur arnino acicls (SAA) are amino acids coffaining sulphur atoms o¡ the side

chains. Methionine and cysteine are the two SAA, which are genelally recognized as

being incorporated into proteins Q.{elson and Cox, 2000). The structures of these two

amino acids are cH3-s-cH2-cI{2-cHNH2-cooH and sH-cH2-cHNH2-cooH,

respectively. In the early 1930s a new SAA sharing similar chernical properties to

cysteine and cystine was discovered (Butz and du Vigneaud, 1932) and named

"h.otnocystine", an oxidized folrn of homocysteine. Three decades later homocysteine

was detected in plasrna of patients with homocystinulia (Calson et al., 7963). The

stlncture of homocysteine is identified as SH-CHz-CH2-CHNHz-COOH.

The SAA methionine and cysteine can be utilizecl to synthesize body proteins. At

the same time, SAA and their rnetabolites play a significant lole in maintaining biological

and physiological body functions and health tluough a series of metabolic pathways

tenned transmethylation, rernethyl.ation, rernethylation-related folate cycle and

transsulphuration.

2. 7. 2 Trans metlry latio rt

CHAPTER TWO

As shown in Figure 1, methionine, derived from the diet, body protein blealcdown

ot'endogenous synthesis, is activatecl by ATP to genelate S-adenosylmethionine (SAM),



wlriclr serves as a universal rnethyl donor, This reactio n is catalyzed by methio'ine

adenosyltransferase (MAT), which has tluee isozymes: I, II, IiI. MAT_I (a) is slightly

inliibired by SAM and comprises of r5yo of theroral MAT activity; MAT_II (y) is

strongly inhibited by sAM and comprises of 5%o of thetotal MAT acrivity; MAT-III (p)

is favored by elevated SAM ald comprises of the majority of the total MAT activity

(Stipanuk, 1986)' Transrnethylation occurs tluough a reaction that gives rise to S-

adenosylhomocysteiue (SAH) and rnethylated compouncls. The transmethylation

reaction is actually catalyzed,by a large nulber of methyltransfeLases, such as

guanidinoacetate y'/-rnethyltransfelase 
and phosphatidylethanolamine i/-'rethyltransferase

(Stead et al',2006)' Furthermore, when methionine intake is high, the enzyme glyci'e i/-
methyltlansferase (GNMT) will be favouled, yielcling the rnethylated product sarcosine

(Mudd et al', 1980). GNMT activity is found in liver and. pancreas with lower amounts in

kidney (Yeo and wagner, 1gg4). Most of the methyltransferases are inhibited by their.

product, SAH (Stipanuk, 1986). SAH is hydlolyzed to adenosine and homocystei'e by

SAH hydrolase' It is noted that this hydrolysis is a reversibre reaction that is i'hibited by

the increased concentlations of either homocysteine or adenosine (Stipanuk, 19g6). As a

result this inhibition of sAH hydrolysis, sAH and SAM accumulate. Homocystei'e may

be used fo' tlie resynthesis of SAH, remethylated to methionine tllo'gh the

remethylation pathway, convertecl to cysteine by the transsulphuration pathway, or.be

expofted fiorn the cell' Eacli of these routes will be discussed furlher in the following

sections.

The significance of kansmethylation pathway lies in methylation reactions, which

play critical 
'oles 

i' the sy'trresis of smal molecures such as, creatine.
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phosphatidylcholine, and epinepluine, modification of macr.omolecules (e.g. pr.otein,

DNA' RNA' lipid), detoxification of xenobiotics (e.g. thiols, arsenite) and i'activation of
neurotransmitters (e'g' epinephrine, norepinepluine, dopamine) (Bros'an et al., 2007).

choline and betaine are "indilectry,'sources of rnethyl gro'ps for SAM. The

transmethylation pathway is also an intermecliary route for rnethionine metabolism,

necessary for the lemoval of excessive methionine and the production of cystei'e de novo.

Disorders of rnethylation have been shown to calrse health problerns in huma's. For

exaÛrple' in the case of mutations in guanidinoacetate methyltransferase i1 cirildre',
creatine synthesis is irnpaired, thus leading to mental retar.dation, speech delay and

epilepsy (Stromberger et al., 2003);

2.1.3 Hontocysteine

As mentioned above, the transmetþlation pathway produces hontocysteine, a

non-protein producing arnino acid. This compound has the chernicar propeily of
autooxidation witir itself ol other thiols such as cysteine to folm rnixed disulfîdes. As

suclr' only a very small fi'action of homocysteine exists as reduced fo'' (s r%o) and,the

major plopottion is plotein-bound homocysteine in plasrna (>70%)(Jacobsen, 2001).

Homocysteine analysis has been thoroughly reviewed fi.om the clinical perspective (eg:

Reßnm et al', 2004)' Due to the challenges associated with the measurement of fi.ee

homocysteine, total homocysteine has been widely deter-rnined and reportecl. The

methods fo'homocysteine anarysis i'clude l) im'runoassays 2) capillary gas

ch'omatography 3) capilary gas crrromatogr.aprry-rnass spectrometry 4) capilrary

elect.ophoresis 5) tiquid cluomatogt'aphy elect'ospray tandem mass spectrometry; a'd 6)

high pelformance liquid chÏomatograpliy (HpLC) with fluor.escence, electrochemical ol



1

cololimetÏic detection (Rasmussen and ly'rø|\er,2001). Arnong the above rnethodologies,

HPLC is cornmonly used.

Hyperhomocysteinemia refers to a condition of incr.eased cir.culating

concentrations of total homocysteine, a value most commonly defined as higher thzur 15

prnol/L in humans. Epiderniological studies have shown that elevated plasrna

homocysteine levels were associated with an increased risk for certain diseases, inciuding

caldiovasculal heart disease, Alzheirner's disease (Selhub, 1999; Stipanuk, 2004), hepatic

steatosis Qt{amekata eta1.,2004), renal disease (Guldener et al., 2001), neural tube

defects (Selhub, 1999), ischemic and hemomhagic stroke (Van Beynurn et al., 1999;

Hogeveen et al., 2002), inflanunatoly bowel disease (Danese et a1.,2005) and female

reproductive fuirction (Guzmon et al., 2006). It follows that homocystei¡e is ge¡erally

considered to be a "bad thiol".

While addressing the side effects of hornocysteine on health, we should bear in

mind that homocysteine has tlie following important biological ftinctio¡s: l) it serves as a

precursor fol cystathionine, cysteine and fruther metabolites; 2) it fuirctio's in the

methionine conversation cycle; 3) it serves as a methyl receptor.i¡ the betaine-

homocysteine rnethyltransferase reaction, an obligatory step in choline catabolisrn; alct 4)

it is an essential substrate for the recycling of tissue folates (Finkelstei¡ and Martin,

2000). Homocysteine is metabolized thlough the lernethylation and transsulphuration

pathways as detailed in the sections below.

2.1.4 Remethylatiort

The remethylation pathwaj is one of the two routes that remove homocysteine

procluced fi'om methionine tluough the transmethylation pathway. Rernethylation is a



process in which homocysteine accepts rnetiryl groltps flom 5-methyltetrahydrofolate

(CH3THF) or betaine to generate methionine via methionine synthase (MS) or

betaine:homocysteine methyltransfelase (BHMT), respectively. MS, a ubiq¡itously

distlibuted enzym% utilizes CH3THF ald homocysteine to produce methio'i'e a'd

tetrahydlofolate (THF) with vitamin 812 as co-factor. This repr-esents the folate-

dependent rernethylation pathway. CH3THF is available fi.orn the folate cycle as

discnssed in the next section. BHMT, a Zn2* -d.epend.ent thiomethytra'sferase, is rnainly

distributed in liver and kidney, with minor levels of expressio¡ in pancreas a:rd lens

(DelgadoReyes et a1.,2\}I;Pajares and Pérez-Sala,2006). This enzyrne catalyzes the

remethylation of homocysteine usiirg betaine as the rnethyl donor. An in vitro model in

rat liver provided evidence that the BHMT reaction processes 25o/o of rhe cellular

homocysteine (Finkelstein and Maltin, i984). HoweveL, a study by Davis et al.,

employing stable isotope dilution techniques, showed that serine was the rnajor-methyl

group donor while choline and betaine offeled minor amounts of ¡rethyl grollps for total

body rnethylation (Davis et a1.,2004). Betaine (trirnethylglycine) is derived from dietaly

betaine and thlough choline via oxidation by choline dehydrogenase. The BHMT reaction

is inlribitecl by its product, dirnetliylglycine (Finkelstein, et al., 1972; r9g3; ßgÐ.

In addition to the removal óf homocysteine, remethylation conserves

homocysteine as methionine, which can be used fol either body pr.otein sylthesis or as a

precursor of SAM that provides methyl groups for methylation reactions i1the body.

Furthermore, the remethylation pathway plays a lole in shuttling CH¡THF. The

rnetabolic phenomenon of "methyl trap" is a resr-rlt of impairrnent of vitamin 812-

dependent lemethylation (Herbert ancl Zalusky, 19 62).



2.1.5 Foløte cycle

The folate cycle is a biological process to plovide CH3THF, which is utilized for-

tlre remethylation of homocysteine. Folic acid from the diet is catalyzed,by dihydrofolate

reductase to THF (Hor,rse et a1.,2003), wliich then acquires a one-carbon unit from serine

with the resultant production of 5, í 0-rnethylenetetrahydrofolate (CHzTHF) a'd glycine.

This is a revelsible reaction catalyzedby seline hydroxyrnethyltransferase (SHMT)

requiring 5'-pyridoxal phosphate (PLP), the rnajor biological vitarnin B6 in tissues, as co-

factor. SHMT exists in both mitochondrial and cytosolic compaftments in cells (Garrow

ef a1.,1993). CH2THF is fui'ther reduced by 5,1O+rethylenetetlahydr-ofolate reductase

(MTHFR) to CH3THF, using NADH as the electron donor. CH3TFIF, the product of the

folate cycle, serves as a rnethyl donor for homocysteine remethylatio¡ as me¡tioned

above.

The biological significance of the folate cycle is directly associated with the

following perspectives: 1) this cycle supplies one-carbon units, tluough one-car-bon

rnetabolism, for essential plocesses including amino acid metabolism, pur.ine a¡d

pyrirnidine synthesis, and the folrnation of the methylating agent SAM; 2) the folate

cycle genelates CH3THF, a forrn of folate used in 812- depenclent remethylatio¡ (Bailey

and Glegoly,2006).

2. I. 6 Transs ulp h urøtio rt

The tlanssulphulation pathway is the othel primary route to renrove homocysteine,

especially at concentrations of homocysteine that exceed the capacity of the

homocysteine methyltlansferases, and it represents the only loute of ireyocable
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lromocysteine loss (Stipanuk, 2004). Two PLP dependent enzymereactions are involved

in this pathway. Cystathionine beta synthase (CBS), the first key enzyme in this pathway,

condenses sedne with homocysteine to fonn cystatliionine. Cystathionine gamma lyase

(CGL), the second enzytrre, cleaves cystathionine, a 7-car.bon thiol, into cysteine,

ammonia and alpha-ketobutyrate. The latter goes to tricarboxylic acid (TCA) cycle at the

level of succinyi-CoA after decalboxylation to give rise to COz. Cysteine, the end

product of tlanssulphuration pathway, can eithel be used for plotein sylthesis or serve as

a precufsor for the generation of glutathione, tauLine, ancl sulphate (Stipa¡uk ,2004).

Tlanssulphuration enzymes ate found in liver, lcidney, intestine, pancreas (Brosnan et al.,

2007),brain (visvitsky et a1.,2006),and eyes (persa et al., 2004,2006).

As irnplied from the pathway, a tnajor function of the transsulphuration pathway

is to catabolize rnethionine and homocysteine. Accolding to the review article by

Stipanuk, perturbations of this pathway from substrates, cofactor-s, effector.s or enzymes

cause abnormal levels of homocysteine, SAM, SAH, cystathionine a¡d cysteine

(Stipanuk, 2004)' It follows that transsulphuration pathway plays al inevitabie role in

rnai'taining app'opriate homocysteine concentlatio's.

Beyond maintainiug hornocysteine concentrations, the transsulphuratio¡ pathway

serves as a critical route for the endogenous production of cysteine. Cysteile serves as a

precursor for geuerating glutathione, taurine and sulfate, which are involved in sy'thetic

leactions, detoxification processes, osrnotic regulation, nervolrs system fnnction and

antioxidative plocess/fi'ee radical defenses (Stipanuk et a1., 2002). As such, in addition to

homocysteine clealance, ttanssulphuration has significant importance in rnairfaini¡g

t0
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body function and health thlough the provision of cysteine. TherefoLe, an 
'nderstanding

of the factols regulating transsulphuation is important for.optimal animal health.

2.2 Regulation of transsulphuration

As discussed above, tlanssulphuration is a series of enzymatic reactions by which

the sulphu atom frotn 5-C methionine is transfened to the serine carbon sheleton to give

rise to 3-C cysteine. Therefore, any factors affecting enzyrnes, metabolites, or effector.s

in the rnetabolic pathways play critical roles in regulating transsulphuration.

2.2.1Age

The lat stLrdy by Finkelstein and Mud,d (1967) showed rhat liepatic and re¡al CBS

ancl CGL activities were significantly higlier in weanling lats compar.ed to those in the

suckling animals and wele relatively constant in the older rats. This i¡rplies that the

capacity for transsulphulation increases with age based on enzyme fuirction. At the sa're

time, as compaled with the youlg mice, old mice demonstrated a higher magnitude of

increases in homocysteine concentlations than cystathionine concentr.ations. This i¡rplies

that age irnpacts the conversion of homocysteine to cystathionine as evident by less

effrcient conversion in oldel rnice (Toroser and Rajinclar, 2007).In other.words, the CBS

reaction was affectecl by age. In pigs, gradual increases in hepatic CBS activities were

observed fi'orn birlh through to 26 days of age. CGL activities, howeveL, dernonstrated a

rapid spike in activity, followed by an inunediate decline to a stable level in developing

pigs (Ballance, 2004). overall, developmental changes in tlanssulphuratio¡ enzymes

demonstrated an increase in enzymatic capacity for transsulphuration that reaches matur.e

levels within the f,irst weeks after.birth.

2.2.2 Regulatiott by redox stntus

l1
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Redox regulation of the tlanssulphuration pathway occurs at the level of CBS,

which contains a heme that may serve as a sensor of oxiclative environment (Banerjee ancl

Zou,2005)' Reduction of the heme moiety has been associated with decreased CBS

activity' By contlast, flux through CBS was increased under oxidizing conditions (e.g.,

H2O2 or t-butylhydroperoxicie) (Mosharov et al., 2000 ; Zou andBanerjee, 2003). Fo'

instance, addition of 100 FM HzOz ol teltiary hydroperoxide to human hepatoma cells

increased cystathionine ploduction 1.6 and2.1-fold, respectively (Mosharov et al., 2000).

At the satne time, homocysteine flux tluough the transsulphr-rration pathway exhibitecl a

positive relationship with the oxidant conceftrations.

2.2.3 Hornxones

The investigation on the effects of different hor.mones on MAT, CBS and CGL

activities in liver, kidney, pancreas, and brain in lats shows that there was laclc of parallel

clranges in the three enzymes in one organ or in a single enzymei¡ all or.gans by

lronnones (Finkelstei n,1967). specifically, hepatic cBS was increased by

hydrocortisone' alloxan, and glucagon, decleased by insulin (Jacobs etal.,200l; Ratnam

et aI',2002), but not altered by thyroxine, estradiol, progesterone, testosterone, and

growth hormone. Hepatic CGL was euhanced by estladiol, progesterone and glucagons,

btrt lowered by thyroxine (Finkelste in, 1967).

2.2.4 Reguløtiott in pathological stotes

A genetic defect in CBS was first reported in 1964 (Mudcl et al.). 'Whe¡ 
there is a

defect in CBS, transsulphuration is sevelely irnpailed. As a r.esult of this perturbation of

transsulphuation, methionine oxiclation and the formation of transsulphuration products

and the removal of homocysteine will be decreasecl. The biochemical conseqllences of a

t2
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CBS defect include hyperhomocysteinernia ol homocystinuria, decreases in cystatliio¡i¡e

and cysteine and increases in SAM, SAH and sarcosine. Homocystinuria was detected in

patients with genetic defects in cBS, MS, and MTHFR (Fi'kelstei n, 1974).

Heterozygous disruption of CBS in rats lowered cysteine and glutathione concentrations

(Visvitsky et al., 2004). However¡'the association between genetic variatio' i' the CBS

gene (699C-T, 1080C-T and 5697 (GT) STR) and increased hornocysteine concentration

was not detected (Lievers et al., 2003). Sirnilally the defect of CGL causes the

accumulation of cystathionioue in tissues, mild to moderate hyperhomocysteinemia, and

a nonnal range of cysteine (Finkelstein,2006).

The kidney plays a signif,rcant role in homocysteine metabolism rnainly tluo¡gh

the transsulphuration pathway (House et al., 1999). Dirninished renal function, as

indicated by reduced glomelular filtration rate, is invelsely correlated with plas¡ra

hornocysteine concentlations overalmost the entire renal function range, which suggests

a role for tire kid'ey in homocysteine metabolism ('wollesen et al., 1999). The

pathogenesis pertaining to the above relationship is not fully understood. A study using

stable isotope methodology in patients with end-stage renal disease (ESRD) showed that

homocysteine clearance by traussulpliulation, as definecl by the ratio of tr.a¡ssulphuratio¡

rate and homocysteine concentration, was considelably lower in ESRD subjects than

those observed in healthy controls (P<0.001) (Stam et a1.,2004). This indicates that an

impairment of le'al fliirction decreases t'a'ssulphuration.

Elevated homocysteine codcenû'ations in plasma have been tint<ed to incleased

cardiovascuiar heart disease mortality, increased incidence of stroke ald heart failure,

incleased incidence of clernentia and Alzheimer's ciisease, and increasecl incidence of hip

13



14

fi'actttre in older people (selhub, 2006). wrile the nature of the association continues to

be investigated, apotential link may be related to irnpainnents in rnethylation reactions or

in the supply of products tluough the transsulphulation pathway. I1 addition to the

knowledge that the key enzymes in the transsulphuration pathway are involved in the

clearance of homocysteine, the transsulphuration enzyme of cBS has been r.epor.ted to be

responsible fol the production of hydrogen sulphide through an altemative pathway

consuming homocysteine (Szabo, 2007).

2. 2. 5 N utritionol reg uløtion

2.2.5.1Amino acids

Merhionine and cysteine: Evidence fi'oln studies of enzyme ldnetics shows that

the K"'S of tlanssulphulation enzymes for theil substrates are liigher-than those enzymes

in rernethylation and transmethylation cycles (stipanuk, 2004). Thus, remethylation is

favoured over transsulphuration at low concentlations of homocysteine. I' the case of
low dietary methionine supply, transsulphuration is not favored due to tlie low SAM

concentration, which is not able to activate cBS (selhub,lggg). on the co'trary, whe'
dietary methionine is high, the resulting increase in intracellular SAM concentration will
be involved in a) inhibition of MTHFR, which causes the reduction of GH3THF and

remethylation consequently; and b) activation of cBS, which enhances tr.anssulphuration.

As such, homocysteine transsulphuÏation is promoted over remethylation. Finlcelstein

(1967) reported the enhancing effect of increasing plotein o' hepatic MAT, CBS a'd

cGL activities, which demonstrates the irnproved capacity to rernove the excess

methionine' High dose of methionine has been documented to be ,,toxic,,in 
animals

(Benevenga and Steele, 1984) but not sedous in humans (Garlick, 2006).Inter.estingly,

l4
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homocysteine concentlations were found to be higher in rats consuming low casei' diets

G0%) versus those consuming high casein diets (30%), and CBS activity was reduced by

low protein feeding (Okawa et al., 2006).

Cysteine: A glowing volume of evidence shows that cysteine has a spari'g effect

on methionine requirernent (Womack and Rose, 1941; Rose and Wixom, 1955; Rey'olds

et al',1958; Clark et a1., 1970). The proposed mechanism for this response relates to the

effect of dietary cysteine on decleasing transsulphuration thr.ough changes i' CBS

messengel RNA transcription and thus enzyme activity (Finkelstein and Mudd, 1967;

Finkelstein et al',I988). As such, recluctions in methionine catabolism occur. In their.

studies, di Buono et al. (2001a,b) determined the mean methionine requirement by

indicator atnino acid oxidation in the presence of dietaly cysteine, a'd showed that it was

640/o lower than that in tlie absence of excess dietary cysteine. However., studies usi'g

isotope dilution techniques in treatttry adult men did not detect the spar.ing effect of

cystine' the oxidized forrn of cysteine, on methionine lequilements (Hira¡ratsu et al.,

1994; Raguso et al., 1997). okawa et al. (2007) recently reported a reduction i'
homocysteine concentlatiotls in rats by supplernenting cysteine in low-casei¡ diets, but

not in high-casein diets. This observation demonstrates that the irnpact of cysteine on

homocysteine concentration is depe'de't o'dietary protein levels.

Serine and glycine: Both set'ine and glycine are soul'ces of one carbon units for

folate metabolism. Seline has been repofted to be the major donor of one-carbon units.

An in vitro sttrdy using primaly incubation of kidney cortical tubules showed that

changes in the clearance of hornocysteine and the production of cystatliionine and

cysteine through the transsulphuration pathway wele dependent on the concentration of

l5
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serine in the media (House et al., tgglìl. Howeve r, an in vîvo kineticstudy in sheep

receiving intravenous infusions of serine at 10 g/d did not show a.y sig'ifica't difference

in endogenous cysteine synthesis or in the latio of transsulphuration to cysteine flux due

to serine administration (Liu et a|,2000). It follows that the tole sedne plays in

transsulphruation lacks consistency depending on the models and conditions of the

experiments.

2. 2. 5. 2 Micronutrients

2.2.5.2.1 Minerals

selenirun deficiency was observed to declease plasma homocysteine and cysteine

concentrations in a rat model, but also led to decreased BHMT activity (uthus et al.,

2002)' The rnechanism leading to the observed changes remains unclear, but may be

related to changes in redox status caused by seleniurn deficiency. one of the 
'rajor

selenium pools is glutathione peroxidase, which catalyzesthe oxidation of leduced

glutathione to its oxidized form (NAS, 2000). Therefore, selenium and redox status are

associated, which may lead to impacts on the rate of transsulphr-'.ation.

was enhanced by zinc deficiency. Evidence for the effect was found in increased alpha-

ketobutyrate exc'etion fiom the livers (Duerre a'd wallwork, 19g6).

cystathionine beta synthase (cBS) is a heme containing enzyme. The herne has

both the fenic and fefrous states. Heme becomes lelatively ineft to ligand exchange with

exogenous molecules in the felric state (Banerjee and,Z;ot,2005). Thelefore, iron may

regulate CBS as well.

2.2.5.2.2 Vitamins

Att in vitro nt study using pelfusecl livels demonstrated that tlalssulphulation

16



choline and betaine a'e well documented to serve as substrates for honrocysteine
remethylation through BHMT' Experimental results show trrat hepatic BHMT activity
increases in rats fed semi-purified diets with supplernentations of 0.2%betaine or choline
fo'three days (Finkelstein et al', 1983). Similar increases i' hepatic BHMT activity by
choline and betaine supplementation were also detected in a cliic* model using a
metrrionine-deficie't basar diet (Emmeft et al., i gg6). However, a kinetic study by
storch et al' (1991) found that transmethylatio'and transsurprrur.ation i'creased witrr
betaine suppleme'tatiotl (P<0'05), but not re'rethylatio' (p:0.14). Further research is
needed to validate o'cla.i$r the role of betai'e and crranges in remetrryration activity in
tlre reguration of flux th.ougrr the transsurprrur.atio' pathway.

b) Folate deficiency

when there is a forate deficie'cy or a defect in MTHFR, trre synthesis of
methionine will be reduced as a result of decreased rernetrrylation. In an in vitrost'dy
witlr the caco-2human colon calcinoma cell li'e, total remethylatio' a'd folate-
depende't remethylation were .ecluced by 32% and,63%o,respectively, in folate-resûjcted
cell cultu.es (Townsend et al', 2004)' The mechanism of reduced remetrryratio' rnight be
cl'e to a decrease in the expression anci activity of Ms by forate deprivatio', as plevionsry
slrow' in a mouse moder (Tcha'tchou et ar., 2006). As mentioned above, reduced
methionine synthesis from folate deficiency will result in low i.tr.acellular sAM
concentratio'' In the meanwhile, due to the inliibition role of folate as the for.m of
cH:ruF in GNMT reaction'tilizing sAM, the lowe'ed folate status will lead to the
alleviation of trre in'ibting effect of forate on GNMT frurction, which r.elativery

a) Choiine and betaine

17
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accelerates GNMT reaction and the utilization of sAM consequently (Selhub a'd Miller,
1992)' As a result of low sAM status fi'orn folate deficiency, cBS is not activated
prope'ly and transsurphu'atio' pathway rrecomes i'effective.

c) Blz deficiency

wren there is a deficiency of vitamin Brz, the cofactor of enzyme MS activ ity, an
inhibition of remethyration occurs as a resurt of row enzyme activity. GH3THF is
therefore conserved due to the rernethylation inhibition and the irreversible reaction of
MTHFR' This is called a "methyl trap" (shane, 19g5). By contrast to folate deficiency,
CH3THF accumulation occurs i'the case of B¡2 deficie'cy, which conserves sAM
tl,'ough the i'hibition of GNMT. Transsulphruation as such, will be enhanced due to
CBS activation fi-om SAM.

d) 86 deficiency

The role that vitami' B6 deficie'cy plays in sAA metabolism is likely thro'gh its
role i' serving as a co-factor for key enzymes. Studies, albeit limited, show that in the
case of dieta'y vitamin 86 restriction, the metabolic pathways of remethylatio' a'd
transsulphwation are disrupted (Mâr'ti'ez et al., 2000). In particular, vitamin 86 is the
exclusive cofacto'in tlie transsulphu'ation pathway. K'owledge pertai'ing to the degree
that vitamin B6 deficiency irnpacts tlanssulphuration is cr.itical i' furthering our

undelstanding of tire nutritional regulation of sAA metabolism. This topic will be

addlessed in detail below.

2.3 Importance of vitamin B6 to transsulphuration

2.3.1 General review of vitamin B6

18
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vitamin B6 is a collective tenn of six related compounds: pyridoxar (pL),
pyridoxine (PN)' pyridoxarnine (PM), and thei'respective 5,-phosphates (plp, pNp, a'd
PvrP)' PLP and PMP are the major forms of vitamin 86 i' a'irnal tissues (NAS, rggg).
The major vitarni'Bo pool in ani'rals is in muscle, where pl,p is bound to grycoge'
phosphoryiase' The main indices for assessing vitamin 86 status are plas'ra plp,
erl'throcyte and total blood PLP, urinary pyridoxic acid and xanthurenic acid, a
tt'yptophan catabolite, and plasma homocysteine Q{AS, lggg). plasma plp is the rnost
commonly used crite¡ion for assessitg vitami'86 status. I' humans, plasma plp levels
of 20 to 25 nnol/L are considered adequate (Bailey et ar., 1999). The 

'retaborism 
of

vitamin 86 occurs principally in the liver, where vitamin 86 is taken i' a'd converted to
fturctional PLP with the participation of pyridoxal lcinase a'd pyricloxine 5,-prrosphate
oxidase' The measures from this study (chapter 5) show that rrepatic p¡,p concentration
is on pprn lever, but plasma plp concentration is o'ppb rever. This is a very good
example of the central role of the livel in vitamin B6 metabolism. Additionally, vitamin
B6 is catabolized to form 4-pyridoxic acid a'd S-pyr-idoxic acid (Mcco'nick, 2006).
2.3.2 Fmctiotts of Vitamín 86

PLP has been well known to serve as a cofactor for ovel one rrunclred enzymes
involved i'ami'o acid metabolism i'cludi'g ami'otransfeLases, decalboxylases,
racernases' and dehydratases CNAS, lggg). This vita'ri' is therefore needed in trre
rnetabolic processes of decar boxyration, deamination, tlansami'ation, and
transstrlphuation (Lheureux et al.,2005).Because of the role of vitarni' B6 i' protein
catabolis'r' plasma PLP a'd urinary 4-py.idoxic acid concentratons were invelsery
co*elated to protei'intake in huma's (Mille'et al., 19g5). This indicates that as the level

19



20

of dietaly plotein increases, more vitamin B6 is retained in the body to s'pply plp for the

PlP-dependent enzymes involved in the catabolism of excess amino acid and less B6 is
available for conversion to 4-pylidoxic acid and plasrna pl,p, vitami' 86 is also needed

fol lipid inetabolism that involves several aspects of pl-p ñrnction (Bir.ch, r93g;
McCormick,2006).

PLP is involved in the transamination of amino acids to keto acids which selve as

precurso's for gluconeogenesis. PLP is also required for decarboxylatio' of L-amino
acicls to generate amines' The latte'play a'ole in neurotr.a'srnittels, hormones or as

biogenic amines. specificalry, plp is invorved in the decarboxyr ation of 3,4

dihydroxyphe'ylalani'e (DOPA) to dopamine, the conversion of tryptophan to both

nitric acid and serotonin, and the convelsion of glutarnic acicl to alplia-a'rinobutyric-acid

(GABA) (Spinneker er al., 2007).

vitamin B6 is reported to be linked to immune function and cancer thr-ough its
metabolic role in one-carbon metabolism and transsulphur.ation. According to the review
by Spi*eker et ar., deficiency of vitamin B6 causes thymic atr.ophy,lyrnphocyte

depletion in ry'rph nodes and splee'in animars and decreased lymphocyte and

interleukin (IL)-2 production in humans (Spimreker et a1.,2007), Vitarnin B6 status is

negatively correlated to the p.evarence of cancers as weil.

The enzymes requiring vitamin 86 as a cofactor and involved in sAA rnetabolisrn

directly or indirectly a'e cystatliionine beta synthase (cBS) and cystathio'ine ganmla

lyase (cGL) in the transsulphuration pathway and serine rrydroxymethyltlansferase

(SHMT) i'the folate cycle and one-cat'bon'retabolism. Evidence has accurnulated to

show that the activities of the above enzymes ale lowered when thele is vitarni' 86
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deficiency (Smolin and Benevenga, 19g4; Martin ez et ar.,2000:Davis et ar.,2005). The

methyl groups shuttled by sHMT are used fol biological process of rnethylation. The
transsulphuration pathway produces cysteine, a precursor for glutathione, which is the
most irnportant antioxidant functioning in the maintenance of reducing celluar

environment and detoxificatio'. Therefore, vitamin B6 is associated with

pathophysiology as mentioned above.

2'3'3 signiJìcance of the stutly on vitamin B6 nutritiort in early weartetl pig
Due to the similaÏity of human physiology to that in pigs, a study exarnining the

impact of vitarnin 86 deficiency on sAA uretabolism in piglets, especially for enzyme

activities in tissues, rnay be pertinent to hunan clinical studies. vita'ri' B6

supplementation in early-weaned Bigs is important due to the following perspectives.

Filst' sow'milk, the'rajor source of nutrients for suckli'gs, is low in vita'ri' B6

(Benedilct et ar., 1996). This impries that vitamin 86 status in pigs may be row upon

wea'i'g' Second' the demand for vitamin B6 is high afte' weaning since the cliets for.

early-weaned pigs are high in plotein, which conslunes mole vitamin 86 for.catabolisrn

(NAS' 1999)' Therefore, the require'rent of vitamin B6 i' early-wea'ed pigs should be

high enough to meet the specific physiology and rnetabolisrn of ear.ly-wea'ed pigs.

Thelefole' a study witli legald to the ìrnpact of vitamin 86 status on early-weaned pigs is
of gleat importance

2'3'4 Role of vitamin 86,eJiciency in transsurprturatiott

As mentioned above, both cBs and cGL in the transsulphuration pathway r.equile

PLP as cofactor' The fu'ction of these enzymes is compromised as a result of row status

of vitarnin 86, and transsulphuration is presumed to be reduced accordingly. The study

21



22

by Marti'ez et al' (2}}})provided the evidence that vitarnin 86 deficie'cy i' rats reads to
decreased rate of transsulphuration, measru'ed as the movement of deuterium label fiom2H3-seri'e i'to 2H3-cysteine' 

static pictures of erevated homocysteine and depressed
cysteine concentrations induced by vitami'Bo deficie'cy rrave also been observed in rats
(srnolin and Benevenga' i 982; 1984; Limaet al., 2006). The response of cBS activity to
vitarnin 86 deficie'cy is varÌabie (smoli'and Benev enga, r9g4; Mosrralov et ar., 2000).
A study with a pig rnodel by smolin et al. (1983) crerno'strated sig'ifica't responses of
homocysteine and cysteine to vitamin B6 depletion. However, in a study with hearthy
adults' vitarnin 86 restriction did not alter homocysteine or cystei'e concentrations, and
had no irnpact on cysteine flux, but clid lead to i'creased prasma cystatrrio'ine and
glutathio'e concentratio's (Davis et aL,2006). The different responses o,ser.ved in
biochemical indices to vitamin 86 deficie'cy might be due to the differences in depretion
diets' experimental models utilized and the degree of vitami' B6 deficie'cy appried to the
subjects' In particular' the use of ad líbitunt feedingdesign in a¡ the studies mentioned
above may lead to confoundi'g effects fi'om recluced intake of nutrients i'cludi'g amino
acids and vitamins in the vitarnin B6 deficiency groups. Trrese confourding effects may
impact the interpretatio' of obselvecl biochemical indices including homocysteine and
cysteine' In additio'' changes in vitarnin B6 status, enzymaticactivities associated with
sulphu amino acid metabolism and kinetics in pigs subjected to dietar.y vita'ri' 86
depletion have yet to be reportect' with respect to the qua'titative impact of vitarni' B6
status on tlanssulphuration, the cuuent literature base is inconsistent anct likely dependent
on the nature of the measured indices and experimental models. A se'sitive isotopic
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model with vitamin B6 deficient pigs may enha'ce our rurderstanding of the effect of
vitami'Ba deficiency or1 quantitative indices of transsurprruration rate.
2.4 Models for measuring transsüIphuration rate
2' 4' I D eJin itio rt of tra ns s urp rt trttt i o tt r ate

The rate of transsulphui'ation (Ts) nr nutritionar biochernistry r.efers to the amount
of cystei'e produced endogenously tluough the transsurphur.atio' pathway per unit ti're.
specifically' the transsulphtuatio'rate provides a ki'etic measurement of endogenous
cysteine synthesis which' howevet, cannot be acrrieved by static measlres of cysteine
concentration' The measurement of transsulprruration rate in vivo ismost commonry
determined through isotope dilution teclmiqLres.

2.4.2 l|[odels to nteasure transsuþlturation rate

on the basis of the tracers employed, the metrrod for measuring transsurprruratio'
rate can be classified into one of two grollps: direct or indirect methods. For trre direct
meflrod' two approaches are possible' In the first approach, radioactive isotope [3ssJ
labelecl methionine is ut'ized as a tracer to look at trre conversion of ¡35s1 cysteine fiorn
[35s] methionine' In the second approach, isotopicaily labered cysteine and serine are
ttsed as tracers to 

'ronitor the production of rabered cysteine derived fi.orn labered serine.
For the indi'ect method' usually t1.-t'c] labered methionine or homocystei'e is used to
tlace the prodtrctio'rate of I3c 

]abeled carbon dioxide. Both the indirect and dir.ect
methods will be discussed frrrther.

2. 4. 2. I Indit.ect ntodel

The indir-ect method usually refers to a model in which ,rCO, 
production from
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l3c-rnethionine 
is monitored as a su'ogate for flux through the transsulphru.ation

pathway' This model was introduced by sto.ch-you'g et al. (19gg). In triis crassical
expedment' stable isotope double-labeled methio'i'e (dual rabering or separate raberi'g)
was exploited to quantify the rates of transrnethylatio', transsulph,ration, remethylation,
and rnethioni'e incorporation i'to and rerease from body proteins in humans.
specifically, the mechanism for measudng tra'ssulphuration involves the measruement
of the flow of the c-l atom in medrionine as it becomes c-r in homocystei'e, wrrich
becomes c-1 of the molecule a-ketobutyrate. The latter is then decarboxylated to r3coz.

The measurement of l3co2 
emichment i'b'eath together.with the measurements of r3c

methioni'e in the infi-rsate a'd blood, are used to calculate transsulphur.ation rate. The
fonnula to calculate û.anssulphuration rate (TS) is TS : VCO2 xltU¡r3C] methionine pool
eruiclrment - lt3clmethionine tracerenrichment), where vcoz is the rate of r3co2

appearance' In the original model, þlethyl-2H3] and Il-t3c] methioni'e were infused as
primed-co'stant inf'sion via a venous catheter. NaHI3co3 was adrninistered concurrentry
to pr.ime COz pool and to facilitate reaching COz plateau. Samples of expired breath wele
collected for the analysis of l3co2 

on a dual colrector isotope ratio mass spectrometer.
The eruichments of the methionine carboxyl and'rethyr groups were rneasLlred by gas
chomatography-rnass spectrometry. The authols obtained trre mean varue of
transsulphuration under postabsorptive and fed status to be 3.99+ 0.44 attd g.25+0.56

pmol'kg-l'h-l' respectively (sto.ch et al., t988). As per the fonn,la, there is no need to
use double-labeled trace's if o'e is o'ly interested in modeling transs'rprruration rate.
Following the same rnethodology,..di Buono et al. (2003) determined the

transsulphuration rate in five healthy rnen. Furtliermore, these trials validated the
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application of the dual

steady state.

Raguso et ar. (2000) updated the above ,rco, 
method using the foilowing

fornrula: TS: (VCo z x Encoz x 1/R) x l/[Er+(E+*0.g)], where VCo2 is the rate of carbon

dioxide production, Er:coz is the eruiclunent of r3c in expirecl air, and R is the

bicarbonate recovery factor'(the factor R usecl to con'ect l3c 
eruicirment data i' br.eath

samples fol the calculations of methionine and cysteine oxidation was 0.7 a'd 0.g2 for
fasting and fed conditions, r'espectively), E¡ and Ea are the plateau plasma endchrnents of
methionine at m*1 (11-r3Clmethionine) and m*4 ([1-trc, rnethyl_2H3]methionine),

respectively, where m is the nominal integer mass of the tracee ion. The tenn

(E1+pox9'g) is the total eruichment of methionine when assumi'g that the intracellular

e*ichme't of the parent tmcer is 80% of the plasma en¡ichment because of the fact that

intracellular environment is the tlue preculsol pool fol sAA metabolism. I' the latter

method, [1-l3C]methioni'e a'd i1-l3C,methyl-2H3] methioni'e u,ere intravenously

adrninistered' Blood and breath samples wele collected every l5 min during the last hour

of each metabolic phase (fasting and fed states). Isotopic enrichments were measured by

using a gas cllomatograph and rnass spectrometer. They rneasured methio'ine

transsulphuration rate fol fasting aird fed conditions to be 1 .7 andl.g punol.kg-r. h-,,

respectively' The extlapolate d24-ltrate of methionine transsulphuration was 41 prnol.kg-
l' d-l' wh"n compaled with the storch et al. (1988) method, the aclvantage of this methocl

lies not only in the calculation of transsulphuration rate in which the bicarbonate recovery

factor R is cleaÏly quantified in the founula fol specific states, but also tluough the use of

tracer model to the measurement of tra'ssurprruration rate under
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the factor of 0. g to account for trre fact thattrre metabolism of sAA happens

intracellularly' Although the same tlacer ('rethio'i'e) was ernployed, the mannel by
which the isotope tracers were administeled differed. In the storch-yoturg et al. method
(1988)' the autho's used [methyl-2H3] and [1-r3c] methionine as separate tracers, w¡ile in
the method by Raguso et al. (2000) a combined [1-r3c; methyl-2H3] methio'ine dual

labeled tracer was primed and constantly infused i'stead.

A challenge that exists with all dilution models relates to the choice of precursor

pool e'richme't (Reed and Davis, rggg). To address this, Maccoss et aI (200r)
int'oduced ¡l3clhornocysteine as a marke'of intraceilular enrichment to rneasuLe

transsulphuration rate in humans using the fonnura TS=FI3co 2l'l3ç_¡1"y, 
.where, 

Fr3coz
is the rate of r3co2 

excretion in the breath after being adjusted by 0.g1 for bicarbonate

retention; E13ç-¡1.v is the plasrna [t3c] hornocysteine emichrnent. Tliis 
'rethod 

of
calculation assuû'es that 1) all of the ttco, 

is libe'ated via the transsulphuatio' pathway,

and'2)plasrna ¡13c1 homocysteine.emichment stands for-the intracellular Ir3c]
methionine eruichment. The tracers and procedures adrninistered are in accordance with
that in the Storch-young method (r9gg) except parameters used to calculate

transsulphuration rate.

To sutnmalize,the aforementionecl studies employing stable isotopes, and breath

co2 collection, can minirnize the risk to subjects and lesearchers fìom the use of
radiolabelled substrates in compadson with the rnodel utilizing radioactive isotopes. In
addition' only one tracet'(rnethionine) is administeled in these studies, a'd this may lead

to reduced costs aud effors arising..from working with rnultiple isotopes. However,

methionine transsulphuration is detennined indirectly by methionine oxidation measured

26



fi'orn the rate of t'co, 
appearance. This method can overestimate the transsulphuratio'

rate, because solrte ''co, will arise from sequestration of S-adenosy¡nethionine fol
polyamine synthesis. In this process, methionine is decarboxylated before its rnethyl

gl'otlp is transferred' The end ploduct is S-aminopropylthiol. Fortunately, best estimates

based on enzyme activity measuremerfs and polyamine ploduction suggested that less

than 5Yo of the S-adenosylmethionine goes toward polyarnine synthesis. si'iilar.ly,

underestimation of transsulphuration might also occur due to oxidation of threonine, as

this amino acid also yields alpha*etobutyrate, which will lead to an intracellular dilution

of label and affect the calculation of ''Co, ploduction rates (Darling et al., 2000;House

et al',200r)' The assumption in tlre indirect method by I3co2 productio' is that

transsulphuration is the only pathway contributing to the pr.oduction of coz in which

calboxyl gloup from methionine is tlansmited to alpha-ketobutyr.ate and fulther.

metabolized to coz. Therefole, the indirect rnethod might give r.ise to values that are not

quantitatively valid under all conditions. In addition, the bicarbonate recover.y factor (R)

in the fonlula to calculate transsulphutation varies in different states. Furthermore, this

model requiles not only the eruichment measuLements for infusate and plasma, but also

the collection and enriclunent measurelnent of bleath t'co, 
processes, wliicli can be

technically infeasible for a pig urodel. Thelefole, while pr.oviding a measure of

transsulphuration, the l3co2 
method itself has pitfalls and lequires validation priol to use

in conditions thouglrt to pertulb transsulphuration.

2.4.2.2 Direct model

a) Radioactive isotope model using [35S]methionine
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In this model [35S] rnethio'ine is applied togetrrer witrr the use of radioactive- or
stable isotope-labeled cystei'e' The latter is used for carc'lati'g flux of cysteine. The
fo.mer is used for tracing the conversion of radioactivity fiom rnethionine to cysteine. In
a rat sfudy (Malmezat' et al' 2000),the transsuiphuration rate was measurecr by the use of
radioactive isotope of 35s 

methionine a'd stabie isotope of r5N 
cysteine. Trre authors

determined the infusion rate of ¡15N1 cysteine (Icvr), the emichment of the cysteine ftacer
(E¡)' a'd the enrichment of cystei'e in plasma (Epr) in order to calcurate trre cystei'e flux
(Fcv')' The specific activity of ¡3ss1 cysteine (SAcv,) and trre specific activity of ¡35s1
methioni'e (SAn¿") were also qua'tifìed. T'a'ss'rphuration r.ate (TS) was f,r'ary
calculated using the fomrula: TS = Fcv, x r00xsAçr, /sA¡ar¡, wrrich was 0.25+0.0g and

0'6810'19 ¡rmol'kg-l'h-tfo'pair-fed and infected rats, respectively. Likewise, .wilriarns

et al' (1988) exploited radioactive isotopes of ¡35s1 rnetrrionine a'd [3,3-iH2] cysrei'e to
estimate tra'ssurphuration rate i'pregnant Medno ewes. The labered [3ss] rnetrrionine
and [3'3-3H2]cystei'e were abomasal ad'rinistered in750mL solutio' with the dose of
organic s'lfur of 0, 0.5, and 1.0 g, respectivery. Trie late of administr.ation of each
soltttion was estimated fi'om the difference i'weigrrts of trre syr-i'ges at trre staft and end
of each i'fusion of 6 hou's' weighed aliquots of trre inftision sorutions were assayed for3H 

and 3sS radioactivity by tiquid scintillation spectrometly.

The common characteristic of the above two studies lies in the followillg two
points: First' the radioactive isotope ¡3-ts1 was used as atraceri' both studies. Second,
methio'ine and cysteine served as.tracees. However, trre 

'roiety 
rabered in cystei'e

differs with radioactive isotope in one and stable isotope in the other. I' both
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experlments transsulphu'ation was measurecl di'ectly from the rate of synthesis of [3ss]
cysteine' The radioactive isotope model is relatively easy and convenient. However,
concelns with the use of radioisotopes, includìng potentiar hearth risks, may be a major
lirnitatio'for its appricatio'in human and animal sftldies.

b) Stable isotope model using serine and cysteine

A classic study using stable isotope labeled sedne a'd cysteine as tracers to
quantisz transsulphuration rate was done in a lamb moder (Liu et ar.,2000).In trris study
L-[3-r3c]cysteine andL-12,3,3-d3]serine were employed to measure transsurphuration of
methionine' The basic principle to qua'tify transsulphuration rate in this trjar was to
determine cysteine fl'x and the proportion of plasrna en¡ichme't of cysteine (rn+3)
derived ftomf2,3,3-d3Jserine to plasma enrichment of serine (m+3), respectively. ln the
former' cysteine flux (irreversible loss rate, ILR) is obtai'ed by measur.ing eruiclments of
[3-''c] cysteine (rn+l) in the i'fusate a'd plasma, a'd infusio' rate using an i'fusio'
pump' I'the latter case' it is based on the pathway of tra'ssulphuration in which serine
accepts the sulphur atom fi'om hotnocystei'e to fo'' cysteine. This was acrrieved by
labeli'g serine with deuterium and determi'ing the formation of cystei'e labeled with
deuteritrm' Employi'g this rnethodology, L-[3-r3c] cysteine and,L-[2,3,3-d3]serine were
prirned and consta'tly i'fused for'8 hours via a femoral vei' catheter. Blood samples
were dlawn at regulal intervals by jugular vein catheter tluoughout the infusion period.
The enrichme'ts of isotope in trie i'fusate and prasma were rneasured by GC/M'.
Transsulphuration rate was calculated based on flux value of cystei'e and the plateau
enlichme't of cystei'e (l'+3) and serine (m+3), r'espectivery. Transsurprruration rate was
quantified as 3.25 to 4.g2 mrnol/cl among tl.eatments. Apprying trre same pr.incipre,
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t.anssulphuration rate or cysteine sy'thesis late fi'onr serine i' children was detelmined to
be 8.4 pmoL/kg/husing 

[3,3-d2]cysteine and U_[r3C:] serine (Jahoor et a1.,2006). In the
meanwhile' Gregory et at' (2000) detected [2H3]cystathio'ine emichrnent in prasma of
healthy man after prirnary a,d constant infusion of [2H3] serine at trre dose of 4.63
¡unol/kg/h' However' transsulphuration rate was not repofted due to trre 

'nava'ab'ityof cysteine (rn+3) eru.ichment

The technique using stable isotope labeled serine is safe and etrricar to subjects
and environl,e'ts and no adverse effect o'biorogical metabolisrn as wer. In trre
meanwhile' it is a direct treasurement, which reflected the true oxidation rate of
methionine a'd therefore, avoided trre systematicar error der.ived from trre
transamination-decarboxylation 

route or dilution from trueonine oxidation as disc'ssed
above' Furthennore, the analyticalprocedures usi'g the Liu (2000) model are si'rplified.
L-[3-t3c]cysteine, L-r2,3,3-d,3rseri'e and,L-r2,3,3-d3] cysteine are anarysed by GC/Ms
from the sarne injection of the same sample, which camot be accomplished in the
analysis of radioactive tlacers' Ho'ever, a technicar crrailenge of r.rsi'g this moder in
swine is that serine tracer is greatly diluted in trre p'ecursor pool of river. A pr.evious
isotope d'ution study in our rabo'atory srrows trrat specific radioactivity of [3H]ser.ine i'
the liver was only 16Yo of thelevel in plasrna (Ludke, 2004). Therefore, the infusion
dose for serine has to be g.eatly increased in a swine moder to ailow for. the detection of
moiety of cystei'e comi'g fro'i labeled serine. Trre lar.ge infusion close of sedne
imposes two concetns depe'di'g on the isotopes selected. First, if choosing radioactive
isotope labeled seLine' e'g' [3H]seline, ladiation risrc to trie environment and the pote'tial
side effect of high level of radiation o'biological rnetabolisrn Ûright be a lirnitation.
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Second, when selecting stable isotope,

barrier to the sample size. There is no

l3c]cysteine 
and 12,3,3-d'3lsedne to determine transsurphuration rate i' a pig rnodel.

Additionally' when using [2,3,3-d4]serine, botli fd¡]serine and [d2]seri'e wi¡ be yielded

metabolically' which results in a loss of some of the [2,3,3-d3]serine tracer. This, to some

degree, is also a factor that contrjbutes to trre use of a 1ar.ge dose of 12,3,3_d,3lserine.

2'4.3 The caveat on enrichments --- D,atio, irt trte precursor pool

Irrespective of whether a direct or an indirect isotopic moclel is utilized, amino

acid tracers are infused into and measuled from plasma. However, the metabolism to be

targeted such as, transsulphuration, occurs inside cells (i.e. the precursor pool is not
plasma' but intracellular)' it follows that the *eaurement of enrichment from plasrna is

not the t'ue enrichment of tracers that can be utilized for kinetic calculation since there is

intracellular dilution of the infused trace's largely frorn protein breakdown 
'otd 

de novo

synthesis' As a result, the enrichment in plasma of tlie tracers is higher tha' that in the

precursor pool' To be able to measure ki'etics of amino acids in the precur.sor pool, a
con'ection factor is used to account for intracellular dilution, or a marker of intracellular

dilntion is applied (MacCoss et al.,2001).

In the literature with respect to amino acid kinetics, conection of plasma

etuichrnent was not specified in most of the papers. A pioneering study by Matthews et

al' (1982) estirlated the corection factor of plasrna leucine eruichment to be 77%o by

the very high cost consrunption of tracers is a

study to our knowleclge that has used [3_
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measu'ing plasma L-U-t3c] a-ketoisocaproate (KIC) and L-[1-l3c1le'ci'e enrichments

based on the assumption that the keto acid KIC enliclmrent in plasma is equal to

intracellular enrichment of leucine under steady state conditio's. For.methionine, a stucly
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by Yourg et al' repofted 0'8 as the conection factor (yourg et ar., rggr),wrricrr was
tttilized by sorne studies on methio'i'e and cysteine emichment corrections (Hiramatsu
et al'' 1994; Raguso et al'' 1gg7,2000). However, the correction factor for methioni'e
emichment was examined to be 0'58 in humans based on trre assumption trrat prasma
homocysteine enrichment is equal to intracellurar methionine enrichment under steady
state (Maccoss et al'' 2001)' As for a correction factor- for prasrna seljne e'richment for
the calcuration of serine rcinetics, k'owledge is very limited. Davis et ar. e004) used 0.4
as a coefficient to account for i'tracellular dil'tion in huna's. In a piglet moder, an
intracellular dilution facto. was determined to be 0. r 6 based on nìeasurements of specific
radioactivity of 3H in liver and plasma in pigs infused with L_[3H] sedne in our
laborato'y (Ludke' 2004)'This indicates that the intracellular dilution differs with
different models used' This fact needs to be kept in mi'd, as interpretations of kinetic
rates will differ dependi'g o' the choice of p'ecursor poor. I' studies wrrere access to
true precursor pools are not feasíble or ethical, correction factors need to be applied.
2.4.4 Comparisott of the rote of transsulplturøtiort

Table 1 sunrnarizes the results from studies wrrele rates of tra'ssulphuration were
measured in vivo' employing either di'ect or indirect apploaches. Rates of
transsulphuration range from 1.8 to 8'4 ¡-unol/kg/h depe'di'g on the protocols a'd
models used' Accordi'gly, the coffijbution of transsurphuratio' to cystei'e flux ranges
from 1-20%o' The majority of transs'lphu'ation rates have been measured by trre indirect
isotope model using dual labeled'rethioni'e. Trre aveïage of transsulphuration rate
rneasured by the indirect isotope model in humans from the 9 paper.s listed in table 1 is
4'7+2'1 pnoLlkglh' which is ve'y close to the transsurprruratio' rate (5 pu'ol/kg/h)
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determined by the direct isotope model using L_¡3_r3clcysteine and,L_[2.,3,3_d3]serine in
sheep model (Liu et aI'' 2000)' However, transsurprruration rate was determined to be 26ptmoL/kg/rti'a piglet model using the i'direct moder, whicri is rrigrrer than trrat in otrrer

models (Riedijk et al'' 2007)' The latter dara agree witrr previous stndies wrrich have
shown flrat amino acid fl'x in neonatal piglets is substantiaily higrrer tha' that reported
fo'huma' neonates' due to the higher rates of protei' deposition and growth in piglets
(wykes er ar., 1gg4). Trre study ernproyi'g trre direcr model by Davis et a.. Q006) did notrepoÍ transsulphuration mtes due io challenges encountered with metrrodorogy. Rates oftranssulprruration determined by the direct moder in swine have yet to be reported.

Therefore' the ability to compare transsulpliuration rates rneasured by different isotopic
models, using the same subjects, is not possible.
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Reference
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I rero
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Table I Summary of the rate of transsulphuration

Tracels used

Lr- \_;mernyl_-H3lMet

L-t rr3 meTnyl_i_."CJMet

Malmezat et
aL.,2000

!-! _r, meilryl_ I _,,ClMet;
L-[3,3JHzJ.Cys

Fukagawa eì
aL.,1998

L-lrflçrryl_ f13; I _.-CjMet;
L-[3,?rzHz]Cys

I Liu et al.,
I zooo
R"s"soetil
2000
MacCoss et
al.,2001
i"]t""r.rã;
2006

:-ll - u;merrryl_-H3JMet;
Ir-[3,3JHzJcys

Cys flux
(pmoL/kg/h)

I r\Jcystelne; [,,S]Met

L-Lmeltyl-'H3 
; I _,,C]Met;

I--[3,?,'Hz]Cys

NA

TS
(pmoL/kg/h)

r,-LJ- L-JLyS;
L[2,3,3-DrìSerÉ

NA

Riedijk et al.
2007

j-_11_ L;memyl_-H3jMer;
L-[3,?:rH2]Cys

46.9
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27.7
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Adult
male

3.4

NA

5

Adult
male

5

41.1

1.4

Adults

e, cys

1.8

NA

9.6

Adults

5.4

Rats

Ad"trt

cysteine, Ser=serineffi

t6

8.4

6.5

¿6

NA

Slieep

20

Adults

NA

Adults

Children

Piglet
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2'4'5 Ifuy techniques used in omino aci, kittetic meosurements

There are several key techniques involved in the study of ami'o acid kinetics.
First' i'order to provide isotopic trace's to the a'irnar and take brood sampres at specific
intervals for extended intervals, venous catheters need to be installed at differ.ent sites
prior to infusion' Previous work in prirned-constant i'fi.lsion experiments (wolfe , rgg4)
demonstlated the optirnal sampling protocol to be sarnpred upstream from trre site of
inftision. In the studies by Ludke (2004)in which [raC] a¡d [3H] ser.ine wer.e employed
to determine [toc] a'a ¡3H] cysteine, sites for inftlsing isotope and drawing brood
samples were the femoral a'd jugurar veins in pigrets, respectively, and they were
demonst'ated to be feasible fo'the study of al'ino acid metabolism. second, for the
i'ftrsio'tech'ique' constat1t i'fusion accomplished by a peristaltic pump is showr to be
adequate to establish plateau in eruichrnent of the amino acid conve'iently and
economically (waterlow et al',1978; wolfe, l9B4). The appropriate consta't i'fusion
rate is dete'nined by the rate of appearance of the amino acid bei'g traced and the
desired eruichment' Fi'ally, with respect to the use of a prirni'g dose, this technique only
affects the time it takes to attain final equilibrium, not the equilibrium value (wolfe,
1984)' so the priming dose teclmique is usually employed to shorten the time to reach an
isotopic equilibrium' The prirning dose is eq,al to the turnover time times the rroulry rate
of constant tracer achninistration.

The appropriate prirning dose and constant infusion rate are critical for.the
measurement of transsulphuration rate by the use of stabre isotopic models. Because the
anal¡ical sensitivity of mass spectrometry is less than the ideal sensitivity possible for
radioisotopes' stable isotopic traceï quantities must be greater than the ,,massless,,amount
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of material used in radiotracer work (Yerg ey,1gg4).cuskelly et al. carrjed out an isotope
dilution st'dy in hrunans in wrricrr trre forl0wing tracers were used: [2H3]serine (pr.iming
dose: 9.26 prnol/kg; consrant inftision rate:9.26prnol/kg/h), 

[2H3]leucine (primi¡g
dose: 1'91 prmol/kg; constant infusion rate: 1.91 pLrnol/k g/h),ltJ3clmethionine (priming
dose: 0'25 punol/kg; constant i'frrsion rate:0.25punol/kg/h). However, isotope labeled
cysteine was not detected (cuskety et ar., 200r).This might be due to a'al¡ical
teclurique as peÏ the authors' explanation or not e'ough inftision dose of serine since
there is la'ge fi'ee precursor pool of serine to dilute the tracer as discussed above.
Therefore' a pilot study in cornbi,ation with the reference is necessary to understand the
approp'iate infusion dose for an isotope dilution str-rdy usi'g stabre isotopes.

2.5 Summary

Sulphur amino acids have significant nutrjtionar irnportance for body protein
synthesis' In partic,rar, rnethionine is an essentiar amino acid i'mammals.
Additionally, surprrur amino acids pray a rore in many physiorogical plocesses. one of
the majo'roles of methioni'e metabolism is to provide a source of methyi gr.oups for
methylation reactions' includi'g the rnethylation of DNA a'd RNA. A'otrrer criticar rore
of s'lphur amino acid rnetabolism relates to the endogenous provision of cysteine, wrricrr
cont'ibutes to ani'ral health tluough the production of glutathione and taurine.

T'anssulphuratiotl, a catabólic pathway of methionine metabolism, is drive' by
two vitarnin B6 depeudent enzymes of cBS and cGL. Ma'ipulation of transsulph'ration
tlu'ough nutritio'provides a means for us to enhance body health a'd frurction. Among
those nutritional factors affecting transsulphuration, vitamin B6 has been deemed to be a
key nutrient because of the cofactor role it plays i'the pathway. Theor.et ically,vitami'
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B6 def,rciency inhibits transsulphuration in terms of the reduction of enzyme activities in
this pathway' Howevel, based on literature search, the response of biochemical i'dices in
the transsulphuration pathway to vitamin B6 deficiency lacks consistency, and depends on

the diet used, the expedmental models and deglee of depletion. Kinetic meastues of
transsulphuration in animal or human rnodels deficient of vitarnin B6 is limited. At
present' there are no reports on the impact of vitamin 86 deficie'cy on transsulphuratio'

rates in a piglet model' Therefore;the study of the effect of vitami' B6 deficiency on

transsulphuration will present not only a static picture of changes in biochemical indices

but also kinetic databy which the nutritional regulation of tlanss'lph'r.ation by vitami'
86 can be quantified.
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3.1 llypotheses

Null Hypothesis: vitarnin 86 deficiency does not disr.upt transsurprruration.

Arternøtiv e Hyp oth esis: vitamin B6 defìcie'cy disrupts transsurphuration.

3.2 Objectives

The rnain purpose of this research was to investigate the irnpact of vitamin B6
deficie'cy ou transsulphuration' This will be achieved tluough the followi'g objectives:

Ð To characterize changes in biochernical indices of sulphur amino acid
metabolism in pigs deficient of dietary vitarnin 86.

ii) To examine the response of s'lphur amino acid rnetaborisrn to graded levers
of vitarnin B6 repletion in vitarnin B6 deficient pigs.

iiÐ To estabrish a stabre isotope'roder using L-r2,3,3_d.31 serine and L_[3_
I 3c]cystei'e 

to determine transsurprruration rate.

iv) To quantify changes i'kinetic rneasures using isotope dilrûio' tecr,rique i' a
pig rnodel defìcient of vitamin 86.

CHAPTER THREE

ITTPOTI{ESIS AND OBJECTIVES
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characterization of Biochemicar rndices of surphur Amino Acid
Metabolism in the Vitamin B6_Deficient Figlet

CTIAPTER FOUR

IWANUSCRIPT I
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TIre objective of this study was to eharacterize the ternporar crranges in i'dices of sulphur
amino acid metabolism in vitami'B6-deficient piglets. pigrets (5.3 kg; n:6 per group)
were fed a serni-purified diet co'tai'i'g either 0 (deficie'cy group) or 3 rng (control
group) pyridoxi'e'HCI/kg diet' Anirnals wele pai'fed for six weeks. piglets consuming
vita'rin B6-deficie't diets exiribited decreased average daily gai's on trre fourth weerc and
feed conversion efficiency from the fo'r'th week u'til the e'd of trial (p<0.05). plasma

py'idoxal 5'-phosphate concentl'ations in pigs consumi'g vita'rin B6-deficie't diets were
sig'ificantly lower than coutlols throughout the experiment (p<0.01), reaching a 

'adir 
of

14Yo of the control animals' value by trial's end. The apo- and total- activities of hepatic
cystathio'ine beta synthase, cystathionine galruna ryase a'd serine

hydroxymethyltransferase were decreased by vitamin B6 deficiency (p<0.05). vitarnin
B6 deficiency decleased hepatic cysteine (p<0.05) but increased hepatic homocysteine
concentrations (P<0'01) at trial's end' An examination of prasma totar hornocysteine a'd
cysteine concentrations revealed significant (p<0.05) differences between treatrnents,
with evide'ce of an ab'upt shift in concentrations at truee weeks post-initiation of dietary
treatments (>25 fold increase in homocysteine; halving of cysteine values). At the end of
the trial' vitamin Bo deficiency significa'tly increased prasma metrrionine and sed'e
levels' but decreased plasma glycine concentr.ations (p<0.05). The cuffent data
establishes temporal patterns i'plas'ra indices of vitamin B6 status and sulphur amino
acid metaborism in trre face of a vitarnin B6 deficiency i'piglets.

4.1 ABSTRACT
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As depicted iri Figu'e 1, the sulphu'amino acid homocysteine stands at the

intersection between the remethylation and transsulphuration pathways of rnethionine

metabolism (Selhub, 1999). Pyridoxal 5'-phosphate (plp), a major biological form of
vitamin B6 in animal tissues, is a weil established co-factor for the three e'zymes directly

involved in hornocysteine disposition: cystathionine beta synthase (cBS) and

cystathionine garnma ryase (cGL) are key plp-dependent e'zymes in the

transsulphuration patrrway, and serine hydroxymethyrtransferase (SHMT) is a plp_

ciependent enzyme important fol the folate cycle and one carbon metabolism (House et

a1'' 1999)' vitarnin B6 status ald, therefore, nutritional supply are thus irnplicated in the

regulation of homocysteine flux and ovelall sulphur-amino acid 
'retabolis*.

over the last decade, interest in homocysteine metabolism has grown, due to the

ptttpofted link between increased plasma concentrations and the risk for.developing

cardiovascular disease and stroke (v/ilcken and wilcke n,2001). while a clearer pictule
develops of the role that elevated homocysteine concentlations play in the risk for
chronic disease development in humans, it is important not to lose sight of the

fundamental importance of this amino acid in selving as the sole source of sulphur for the

endogenous synthesis of cysteine (wilcken and wilclcen, 200i). The de novo synthesis of
cysteine' through the transsulphuration pathway, replesents the prirnary route for the

oxidation of the carbon skeleton of methionine, and is therefore a' impoftant component

in the control of plasma and tissue methionine levels (House et al., rggg). As well,

cysteine synthesis, besides being important for providing a substrate for protein synthesis,

is clucial for the regulation of tlie availability of the biorogical a'tioxida't glutathione, as

4.2INTRODUCTION
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well as other sulphur-containing compounds (ie: taurine) (Mosharov et a1.,2000). Due to

the centrai impoftance of PLP as a-co-factor for the enzymes of the transsulphuration, the

irnpact that vitamin 86 nutrition has on homocysteine and cysteine metabolism is

walranted' Increased homocysteine and decreased cysteine concentlations induced by

vitamin Ba deficiency have been documented in rat and pig rnodels (Smoli¡ and

Benevenga, 1982,1984; smolin et al., 19g3; Maftinez et ar., 2000). However, measru.es

of vitamin 86 status and activities of CBS and CGL in pigs in response to a vitamin 86

deficiency have yet to be investigated. To this end, an experiment was coriclucted to

chanctetize the tempolal changes in vitarnin B6 status and biochemical measures of SAA

metabolism duling the development of vitamin B6 deficiency in the weanling pig.
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4.3.1 Anirnals and feeding

Twelve 14-d-old weaned cross-bred piglets were delivered from The Glenlea
swi'e Research unit, university of Manitoba to the T.K. cheung centre for Animal
science Research, Fort Garry campus, university of Manitoba. pigs were assigned to
two dietary treatments (n:6 per treatment): l) basal diet + 3mg pyridoxi'e.HCl kg-r diet
(control) and2) basal diet + 0 mg pyridoxine.Hcr kg-r dier (Deficient). The semi_

pruified basar diet was referenced to the req'irements for 5-i0 kg pigs CNRC, lggs)
except vitamin Ba and is presented jnTable 2.

4.3 MATERIAL AND METHODS
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Table 2 Composition of the basal cliet used to assess the impact of B6 deficiency on

Ingredients

Corn starchl

Casein (vitamin free)'

Lactosel

Corn oil

Celluloser (Alpliacel)

Cystine2

Vitarnin & mineral premix3

Composition

40.1 5

20.50

20.00

s.50

3.50

0.35

10.00

Total
Note:
rlngredients 

purchased from Harlan Tel<lad, U.S.A.
'Purchased frorn Sigrna@.
'Provided (per kg diet): sodiurn,z.4 g; chloride,3.6 g; nragnesium, 0.6 g; potassiu't, 4.2 g;
copper' 9 mg; iron, 150 mg; mangarlese,6 mg; zinc, iso nig; iodine, o.lí i-rg;sele¡ium,0.45 mg;vitamin A,4400IU; vitamin D3,440IU; vitamin E,32IIJ;îitanrin K, I mg; biotin,0.l rng;
clroline, 1g; folacin, 0.6 rng;niacin,30 mg; pantothenic u"jd,20 mg; riboflãvin, 7 Ág; thiamin,2

flgj,litîlTitl 
B'r: 

?5 
prg. wlren added, pyridoxine.HCl was used as a source of dietar.y vftamin B6'ualculated nutrient cornposition on the basis of the cornpositiol of purif,red ingredie'ts.sAnalyzed 

nutrient composition: crude plotein via LECO analysis; vitamin B6 via
microbial analysis, Medallion Laborator.ies, Minneapolis, MN, usA.

Metabolizable energy
(kcal/kg)

Crude plotein (%)5

Total lysine (%)4

Total rnethionine (%)a

Total threonine (Yo)a

Total tryptophan (Yo)a

Calcium (Yo)a

Total phosphorus (%)a

Vitarnin B6 (mg/kg)-s

Nutrient Content (Calculated)

44

100

3474

18.90

1.51

0.55

0.81

0.23

t.07

0.16

<0.02
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The powdered diet was mixed with wate'at the ratio of approximate 3 parts diet
to 1 part water plior to feeding. A pair-feeding design was employed for.this study to
account for the potential confourding effect of feed intake on biochemical rneasures of
sulphul amino acid metabolism. v/ater was offered fì-eely. In order to avoid the
conforurding effect of weaning o'initial feed intake, pigs were first adapted to the control
diet (11 days) befo'e implementatîbn of the deficie'cy pr.otocor, whe' pigs had reached

26 days of age' Pigs we'e mai'tai'ed on the tleatments for a total of 42 days. This
experiment was approved by the university of Manitoba Institutio'al protocol

Management and Review Committee.

4.3 .2 Experirnental procedu.e

Feed i'talce was recolded daily. At the end of each seven_day period, feed was
withdraw' 16 hours befo.e weighing on the next molning. Fasti'g blood was taken via
jugular vein into EDTA coated evacuated tr-rbes ancl praced on the ice coveled with
aluminum foil' Biood was centrifuged at 9500 xg to harvest plasma. Followi'g blood

collection on day 42, utimals were anesthetized througrr exposure to a mixture of oxygen
and isofluorane (2'5%o) by way of a facemask. once a surgical plane of anesthesia was
obtai'ed' a midline incision was tnade. Live. tissue samples were collected and put i'to
liquid nitrogen' All the plasma and tissue samples were stored in -gO"c until analysis.

4.3 .3 Analytical methods

Plasma PLP was measuled using a comnercial radioen zynaticassay (vitarni' B6

PLP 3H-REA' 
ALPCO)' Because PLP is light-sensitive, measurement was performed

underprotection fiom exposure to direct light.
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Plasna total homocysteine and cysteine concentrations were analyzed,according

to the reverse phase-HPLC methoci of A'aki and sako (Aralci and salco, 19g7), with
modifications by using a newer phosphine reagent, t'is (2-carboxyiethyl) phosphine
(TCEP) (Gilfrx et al', 1gg7)' Briefly, plasma samples were incubated wirh TCEP (Fisher
scientific' Nepean, oN), to reduce protein-bouncl and oxidized forms of hornocysteine,
followed by derivati zationwith 7-fluorobenzoftrrazan-4-sulfonic 

acid ammonirun salt
(sBD-F; sigma chemical co., oakville, oN). The fluorescent thiol clerivatives were
separated on a waters c-18 colum'(5 pM, 4.5 x250mm;'waters canada, Mississa'ga,
oN), usi'g isocratic elution (gg% 0.1 M acetate, pH 5.5: 2yo nethanol) by means of a
shimadzu H'LC system (Man-Tech Associates, Guerph, oN) comprete witrr auto_

injector and fluorescence detectol (excitatio'l.:3g5 run; emission À = 515 run). For
live'thiol concentrations, extracts were first prepared as previously described (Fa'.is and
Reed' 1987)' Briefly, one gram liver sa'rples were combi'ed with 10 volumes of 0.05M
cold potassium phosphate buffer (pH7 '2),hornogenized on ice for 90 seconds, a'd then
centrifuged at 13 000 xg' 4 oc for 30 rni'. supernatant samples were reduced by rnixi'g
witlr equal volumes of 5% TCEP for 30 mi'utes at room tempelature and deproteinized
using ljYo perchloric acid (5 volurnes per volume of tissue supernatant). sampres were
adjusted to allcaline pH using 4M KoH, vortexed, and the mixture ce'trifuged at r3,000
xg fo' l0 mi'' Fi'ally, 100 ¡rL of supernatant was removed and treated as in the
procedure for plasma samples' conce'trations of total homocystei'e and cystei'e were
determined tluough the use of an external sta'dard crlrve, and the inter- and intra-assay
coefficients of variation were < 2%o. Plasma fi'ee rnetrrioni'e, serine and glycine were
measured via ion-exchange cluornatography (LKB 4151 Alpha-plus Amino Acid
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Analyzet)' with post-colunu ninhydri'derivitization, 
using methods as previously

described (Blorn and Huijmans, 19g5).

Hepatic apo- and total cBs activities were determi'ed as previousry described,
nsing radioisotopic techniques with r¡odifications (Mudd et ar., 1g65;Taokaet al., l ggg).
One gram of tissue sarnple was homogenized witir 4 rnl, of 0.05 M potassiurn phosphatebuffer (pH 6'9) a'd centrifuged as mentioned above. Trre i'cubation mixture incruded

0' 15 mM L-cystathio nine, 4r.67mM Dl-homocysteine 
, 0.42mM plp (total enzymeonly)' 0'32 ni-lvI s-ade'osyhnethioni'e 

,2.*BrnM Dl-propargylgly cine, r25mM Tris,2'09 mM EDTA, 25 m'It-¡u-r4cis erine (74000 dprn/¡-rmol) and 150 ¡rL of
Ironrogenate supernatant with 25% ditution in a totar vorume of 600 pL. Trie reaction
mixftire' with the exception of [rac]serine, was pre-incubated for 5 min at 37 .c. Thereaction was started by addi'g [lac]seri'e and was tenninated after 60minutes 

'sing 300pL of 15Yo ice-cold trichloroacetic acid' Five rrundred microriter of sarnpre supernatant
were loaded onto a column with AG 50w-x' resi'(Bio-Rad) and flre corumn wasrred
wtth 2x4 mL of wate r, 6x4 mL of r N Hcl, attd, 4x4rnl of water in sequence. Trre rac_
cystathionine was eluted with 5 mL of 3N ammonitul hydroxide. One milliliter of thecollected solvent was mixed with the same fìaction of scintillation fluid (scintiSafe
PlusrM;' Radioactivity was counted by a riquid scint'ration counrer. protein

+/

concentration and incubation time were tested to be

concentration for tissue homogenate was deternrined

Assay Reagent kit (pierce, pr.oduct No.23225).

Hepatic cGL activity was qua'tified by spectroprrotometric 
assay (stipanuk,

1979)' Thereactionmixtureconsistedof0.r 
Mpotassiurnphosprratebuffer, 

pH7.5,4.0

within the linear ïange. protein

using a Bicinchoninic Acid protein
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mM L-cystathionine, 0'125 mM plp (totar enzyne o'ry), 0.32 *MNADH, and r.5 uritsof Tactate dehydrogenase/ml' Protein concentration was optirnized for both apo and totalenzymes' The kinetics of NADH absorbance was measlu.ed by Du g00

Spectrophotometer at 37" C.

Hepatic .HMT was analyzed by a binding assay usi'g radioactive isotope L-¡r4c(u¡-serine (Geller and Korb, 19g9; Lewis et ar., Iggg).The ¡eacrion mixrurecontained 0'4 mM serine, 2.0 mIvITHF,2.SrnM EDTA, r.0 mM 2_mercaptoethanol,0.25
mM PLP (total enzyme only)' This rnixture was inc'bated for 10 min witli trre
temperatur e of 37"c' The 

'eactiorj was stopped by str.eaki' g a 25,-rL ariquot onto alabeled 3x3 cm square of DE-81 filterpaper (wratrnan@). The paper was then washedwith running distilled water at 2-3liters/min for 20min. After drying trre paper was cuti'to squa'es. The radioactivity of the separate paper squal.e was counted.
4.3.4 Statistical analysis

To adequately account for within-subject correlation over time and lia'dle themissing data' the mixed model was applied to analyzetrre parameter.s witrr repeated
observations i'cludi'g growth pe.formance a'd indicator.s tom prasnia sampres (Littellet a7'' 1996; wang and Gooneward ene,2004). The diet effect and interactio' effectbetween diet a'd week wele partitioned i'trre noder. Because of the homoge'ous

variance over time in the control group a'd heterogeneous vadances over time in trredeficie'cy group' a comlnon vada'ce for control group a'd inclividual variance fordeficiency group 

'''ougrrout 
the triar were emproyed. since rrepatic cBs, prasma

methioni'e a'd glyci'e were not normally distributed, rog tr.a'sformations of these datawere performed prior to statistical a'alysis. For tissue sampre data, the pRoc GLM was
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49used' and a Ra'domised cornprete Block (RcB) design was appried in flre moder.Animars were treated as brock. Diet and brock effects were partitio'ed in trre moder.

L
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. 4.4 RESULTS

one pig from the control gfoup was put down attheend of trre first week ofexperimentation due to failure to *lr.ive.

4. 4. I Gr owth per-formance

vitamin 86 deficiency did nor affecr aver.age daiiy feed inrake (ADFÐ (Tabre 3),as a resurt of the pair feeding design (Þ0.05). However, average da'y gain (ADG) wasdecreased on the fotlrlh week and feed conversion efficiency (FcE) was decreased (Tabre3) fi'orn the fourth week u'til the sixtrr week (p<0.05). I' trre lafter truee weercs, ADGwas reducedby 2g-33%o, wh,eFc' was lowered by 33-50%due to vitamin B6
deficiency.
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Table 3 Effect of vitamin B6 deficiency on growth performance in piglets

(Manuscript I)

Week
ADFI (e/d)

1

2

J

4

5

6

+Be

202+39" 214+35u 0.8200

374fi8b 368+35b 0.8991

418+38b 405t35b 0.8057

417+38b 393+35b 0.6500

396+38b 372+35b 0.6513

393+3gb 374t31b 0.1239

-86 P value +Bo

ADG (s/d)

746+36u 161+33u 0.7564

310+36b 300 +33b 0.8435

334+36b 2g6=ßb 0.4474

323fi8b 2t8+34ub 0.0470

270fi6b 205+33u 0.1948

297+3gb 21 1+38ub 0.i 163

Notes:
t Data are presented as least square mean * standard error.
2 P values are derived from difference of main effect of diet. P values < 0.05 are

considered significant.

' The su-e shoulder letters in each column mean non-significant (Þ0.05).
4 ADFI represents average daily feed intake; ADG represents average daily gain; FCE
represents feed conversion efficiency.

-86 P value

51

+Bo

0.122+0.052

0.827+0.052

0.797!0.052

0.766+0.058

0.682+0.052

0.733+0.058

-86

0.149+0.048^ 0.7714

0.813+0.048^ 0.8464

0.730+0.048u 0.3502

0.540+0.052b 0.0059

0.541+0.048b 0.0316

0.547+0.058b 0.0291

P value
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4.4.2 Plasma PLP concentrations

With the exception of the baseline data, plasma PLP concentrations in vitamin B6

deficient pigs were significantly lower in comparison with those observed in control

animals (P<0.01) (Table 4). In the control pigs, there was no change in plasma PLP

concentration over time (P >0.05). However, plasma PLP concentrations in vitamin 86

deficient pigs were decreased by 63% on the first week (P <0.05), and were further

reduced during later weeks (P<0.05). Plasma PLP concentrations in the vitamin B6

deficient pigs were similar on the third, fourth and sixth week (P >0.05) but were all

lower than other time points (P <0.05). Plasma PLP concentrations on the sixth week in

the deficient group were only 13o/o and I4o/o ofbaseline and control groups, respectively.
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Table 4 Effect of vitamin B6 deficiency on plasma PLP, total homocysteine, and cysteine

concentrations in piglets (Manuscript I)

'Week

0 37.3t4.3

I 37.2t3.9

2 45.7t 4.9

3 43.2t3.9

4 4r.sß9
5 38.814.3

6 36.2t4.3

PLP (rulol/L)

+Ba -Bo

38.3+3.0^

14.3+0.9b

8.510.4'

6.0+1.0d

4.0+0.6d

8.7+0.5'

5.0+0.4d

P value

0.8529

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Homocysteine (¡-nnol/L)

+Bo

29.4+1..9o

26.2+1.70

17 .7+1.7b

17 .7+1.7b

13.5+1.7b

n.5+r.7"

13.3+1 .7b
Notes:

' Data are presented as least square uleaus * standard error.
'P values are derived from difference of main effect of diet. P values < 0,05 are considered
significant.

' The sane shoulder Ietters in each colurlrn mean no'-significant (Þ0.05).

-Bo

25.9+3.1"

22.8+r.f

23.9+2.7"

336.5t14.9b

41r.1+30.7u

342.0+3g.gb

490.2+33.5u

P value

0.5128

0.0932

0.0361

0.0002

0.0002

0.0011

0.0001

Cysteine (pLmol/L)

+Bo

226.0+14.lu

190.6+12.6^b

170.7+12.6b

r92.6+12.60b

220.5+12.6^

200.5+r2.6ub

224.7+t2.6^

-Be

232.1+12.6u

182.2+lI.5b

183.3+11.5b

9l.5+14.1"

107.3+12.6"

101.2+12.6'

94.6+12.6"

P value

0.7501

0.6239

0.4663

<0.0001

<0.0001

<0.0001

<0.0001
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4.4.3 Hepatic enzyme activities

vitarnin 86 deficiency decreased hepatic cBS activity to l0 and 33o/oof control

values for the apo- and total-enzyme, respectively (p <0.01) (Table 5). Both hepatic apo-

cGL and totar-cGl activities were reduced (p <0.05) by vitarnin 86 deficie'cy.

significa't reductions i'hepatic apo- and total-sHMT were also observed after.6 weeks

of dietary vitamin B6 depletion (p <0.05).
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Table 5 Effect of vitamin Ba deficiency orl hepatic enzymatic activities in piglets
subiected to six-week dietary vitarnin B6 depletion (Manuscript I)

CBS
rulol-/(h'rng protein)

Enzymes

CGL
nrnol/(min'mg protein)

SHMT
runol/(min'mg protein)

Notes:
t Data are presented as least square meall * standard errol.
2 P values are derived from difference of mai¡r effect of diet. P values < 0.05 are cottsidered

significarrt.

'-PLP lefels to measuLement of apo-enzyme activity.

4+PLP refers to measurement of total enzyme activity.

PLP in
incubation Media

+

+

+Bo

+

218r18
297!26

1.43+0.10

2.31x0.12

0.70r0.03
1.57r0.08

-86

19r18
78126

55

0.6510.09
r.69x0.t2

P value

0.24t0.04
1.06+0.08

0.0067

0.0099

0.0050
0.0268

0.0007

0.0130
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4.4.4 Plasma and hepatic total homocysteine and cysteine concentrations

Vitarnin B6 clef,rciency significantly increased plasrna total homocysteine

concentration fi'om the second week until the sixth week (p <0.05; Table 4). In

parlicular, severe hyperhornocysteinernia in vitamin B6 deficient pigs occurred from the

thild week until the sixth week. During this periocl, the concentration of plasrna total

lromocysteine reached 336.5-490.2 pmollL, which was approximately Ig-37 times that

in the control group. In the control group, plasrna total homocysteine concentlation

decleased as the age incleased. By contrast, significant decreases in plasrna total cysteine

were detected fi'orn the third week.(P <0.01).

As in the plasma, a significant increase in hepatic total homocysteine (P <0.01)

and a declease in hepatic total cysteine (P <0.05) as a result of vitamin B6 deficiency

were observed (Figure 2).
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Figure 2 Effecfof vitarnin Be deficiency ol1hepatic hotnocysteine and cysteine

concentr-ations. Asterisk indicates that values for vitamin Ba deficierlt pigs are

significantiy different (P<0. 05) from correspondir-rg control values'
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4.4.5 Plasma amino acid conceutration

Vitamin 86 deficiency haci no effect on plastna methionine, setine and glycine

concentrations on the third week (P >0.05) (see appendix I). At the end of the sixth

week, plasma glycine concentlation in deficiency group (724t64) was 55olo of corfrol

(1319t335) (p <0.05). By contrast, vitamin B6 deficiency incleasecl plasrna methionine

(7it13 vs. g36t413) and serine (119t18 vs. 179+16) concentratious by 1O-fold and'50o/o,

respectively (P <0.05).

4.5 DISCUSSION

Vitamin Be serves a critical role as a cofactor in the metabolisms of amino acids,

one-carbon units, lipids, glucose and neurotransmitter biosynthesis (Mackey et aI.,2006)'

As such, this vitamin plays a central role in intermediary metabolism. In this study the

adverse rnetabolic effects of vitamin B6 deficiency are likely responsible for the observed

reductions in weigþt gain and feed utilization efficiency even though feed intakes

between treatments were not different (Parker and Linkswiler, 1972 Ãudet and Lupien,

1974;Okada and Suzuki ,197 ;Wglfson et al., 1986; Wolfson and Kopple, 1987)' Tltis

is consistent with a rat study in which depressed growth was reported despite the use of a

pair feeding design (Wolfson and Kopple,1987)'

plasma pLP concentlation is the most commonly used rneasule of vitamin 86

status. To ou1knowleclge, the curlent study plovides the first ternporal characterization

of changes in Bo status, as lneastlred by plasma PLP, in pigs' Plasrna PLP concentrations

in vita'ri' Ba deficierf pigs were decreased by 38% on the first week of diet tÏeatment.

F'rther.leductions i1plasma PLP concentrations were observed duling subsequent weeks,

with a ladir of 4-6 n¡rol/L reached by the end of the third week. Reduced plasma PLP
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concentrations induced by vitamin 86lestdction have been repolted in humans (Davis et

al., 2005) and rats (Martinez et al., 2000; Scheer et al., 2005) but data in pigs is limited.

In general, previous studies have been limited to end point measures of PLP

concentrations. The stlength of the cur:rent data lies in the tempolal characterization of

adclitional biochemical measures, including plasma hornocysteine, cysteine, and other'

amino acid concentrations, in response to vitarnin B6 deficiency in the pig.

As illustrated in Figule 1, the remethylation and transsulphruation pathways ale

the prirnaly routes for homocysteine Lemoval, with the tlanssulphulation pathway

representing the sole route for de novo cysteine syntl-resis. In the cuLlent study, decreases

in both the apo (without exogellolls PLP) ancl total (with exogenous PLP) activities of

hepatic CBS, CGL and SHMT were observed aftel six weeks of B6 depletion, consistetf

witlr observations frorn rat studies (Srnolin and Benevenga, 1984;Lim a et al.,2006),

althougli the magnitude of changes differed from published reports. in particular', the

activities of hepatic apo-CBS and CGL were 9o/o and 45o/o of control anitnals,

respectively, in the current trial. Previous authols have leported reductions of apo-CGL

activities in rats leceiving a semi-purifrecl diet without addition of pylidoxine to 30% of

control animal values, whele rats wele receiving 2 nglkg pyridoxine, with no change in

apo-CBS activities (Lima et al., 2006). Therefore, the cnrrent data support a gleater'

sensitivity of CBS relative to CGL.in response to a six-week vitamin Ba clepletion period

in a pig moclel.

Based on enzyme activity lesults, an impaired transsulphulation pathway was

present in pigs as a result of the six-week vitamin 86 clepletion. While enzyme activity

levels were not deterrnined at all time points, the acculnulation of hotnocysteine and
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reduction of cysteine in plasma and liver support such an impailment' Plasrna

homocysteine concentlations in vitarnin B6 depleted piglets in the cuuent study did not

change within the filst two weeks of 86 depletion. hfelestingly, dramatic increases in

plasrna homocysteine concentrations wele obselved at the end of the third week' and

these were maintained through the..sixth week of the depletion period, with levels

approaching 500 pLmol/L. The abrupt increase in plasma homocysteine concentrations

coincided with the halving of plasma cysteine concentrations at the end of three weeks on

vitamin Ba devoid diets. Previous lesearch has shown that CBS has a strong affinity for

PLP (Kery ef al., 1999), potentially explaining the delay in the observecl

hyper.homocysteinemia and hypocysteinernia. The hyper'homocysteinemia induced by

vitamin B6 deficiency in this study is consistent with other reporls in pigs (Smolin et al',

1983) and rats (Smolin and Benevenga, I982,1984;Ma[tinez et al',2000), but not in

healtiry humans (Davis et al., 2005) with vitamin 86 restliction treatment' The

discr.epancy with the latter observation likely reflects the severity of B6 restfiction: Pigs

with depressed plasma PLP concentrations afe able to maintain plasma homocysteine

concentrations within normal limits, however this is limited to the first two weeks of

depletion. It is repolted tliat vitamin B6 tuÏnover is slow because this vitamin is

sequestered by glycogen phosphorylase and leleased only when glycogen is depleted

(Matte et al., 2001). Since the curlent study ernployecl a pair'-feeding design, cysteine

i'take was kept constant fol the two treatments. Thelefole, the observed reductions in

plasrna cysteine concerfi'ations in B6 cleficient pigs plovide strong evidence lhal de novo

synthesis of cysteine is a major cotfributol to circulating cysteine and supply to

pelipheral tissues in adequately nourished pigs'
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While the cunent data support an impailed flux through the tlanssulphulation

pathway in B6 cleficient pigs, the use of in vivo isotope dilution techniques is requiled for'

the quantification of the impairment. Research from Gregoly's lab has provided

evidence that Be deficiency in lats, as suppolted by reduced plasrna and hepatic PLP and

increased homocysteine concentrations, leads to decleased rates of both

transsulphuration, measured as tlie moventent of cleuterium label fi'om 2H¡-serine into

2H3-cysteine, and remethylation, rneasured as the fonnation of [2H2] methionine from a

methyi group derived flom [2H3]serine (Maltinez et al., 2000). Impairments in both the

remethylation and transsulphuration pathways would impact the primary routes of

homocysteine disposal ancl could have resultecl in the severe hypelhoraocysteineirna

observed in the curlent study.

Previous research has shown that hepatic methionine concentration in rats (Scheer

et a1., 2005) and plasma methionine concerfration in htunans (Davis et al., 2005) are not

affected by vitamin 86 restriction. In the cunent study, increases in fasting plasma

methionine concerfrations in B6 deficient pigs wele observed at the end of 6 weeks,

relative to those of the control pigS. Increased plasma methionine may leflect a reduction

in the utilization of methionine for protein synthesis, as supported by the rnalkedly

deplessed feed conversion efficiency in the deficierf pigs. To date, little reseat'ch

(Martinez et al., 2000) has been perfor:med to examine the irnpact of Bo deficiency on

plotein kinetics, despite the recognized importance of this vitamin in protein and amino

acid metabolisrn. An inliibition of transmethylation in vitamin Bo deficient animals can

also contribute to increased methionine concentrations, although previor.rs researchels did

not observe leductions in transmetliylation lates in Bo deficient lats (Martinez et al.,
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2000). Elevated homocysteine levels ale linked to incleased S-adenosylhomocysteine

concetfrations (Yi et aL,2000), an inhibitor of methylation reactions. It is likely that the

severity of B6 restriction in the current study was greatel than that observed in rats, as

supported by the depressed CBS arld CGL activities, and the magnitude of the changes in

plasma and hepatic thiol concerfi'ations, and this could have induced a reduction in

overall transmethylation rates, but this rernains to be determined.

Tlie B6-dependent enzyme SHMT catalyzes the interconversion of glycine and

serine, and exists in both cytosolic and rnitochondrial forms (Ganow et a1.,1993). in the

culrent study, total hepatic apo-SHMT activity was leciucedto 34yo of control values

after 6 weeks of 86 deficiency. Concurrent to the reduction in SHMT activity, plasma

serine concentrations were increased and plasma glycine concenttations decreased as a

result of Ba deficiency. While this data support a reduced net flux of serine to glycine

through SHMT, perturbations in the concentrations of these amino acids may have

resulted fi'orn altelations in other rnetabolic processes. Depressed flux tluough the

tlanssulphruation pathway could lead to an increased supply of seline. Glycine

rnetabolism is governed bV (1) SHMT reaction, (2) glycine n-rnethyltlansferase (GNMT)

reaction, (3) folate-dependent glycine cleavage system (GCS) and (4) sarcosine

delrydrogenase reaction (House ef a1.,2003). A reduced flux tluough SHMT may limit

the supply of 5-methyltetrahydrofolate, lead to a reduced flux through the remethylation

pathway, and leduce the inhibitoly effect of 5-methyltetrahydrofolate on GNMT activity

('Wagner et al.,1985). This would then lead to a further decrease in glycine

concentlations. Stable isotopic studies in the 86 deficient pigs would help to further

cltaracterize the impact of Bo status on sulphul amino acid ancl one-carbon rnetabolisrn.
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To summarize this study, the following characterization was achieved as a result

of dietaly vitamin 86 depletion: 1) vitamin B6 status as measured by plasma PLP

concentrations \¡/as reduced; 3) hepatic enzyme activities of SHMT, CBS and CGL were

decr.eased; 4) hepatic and plasma homocysteine concentrations increased while cysteine

concentr.ations, by contrast, decreased; 5) specific amino acicls changed as shown in

incleased methionine and serine and decreased glycine concentrations.

Tlrerefore, the current study has provided a temporal chuacteúzation of the

impact of vitamin Bo deficiency ori indices of sulphur amino acid metabolisrn in the

young pig. The results shed light on the sensitivity of plasma thiol concentrations to the

degree of Bo deficiency and rnay help aid in the interpretation of the linkage between Ba

status and plasma homocysteine concentrations in clinical settings. The use of the B6

def,rcient pig model offers an opportunity to implernerf stable isotope studies to quantifu

the net impact of 86 status on sulphur amino acid, one-carbon and overall protein

lcinetics.
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CIIAPTER FIVE

changes in Indices of sulphur Amino Acid Metabolism in Response to

Graded Levels of vitamin B6 Repletion in vitamin B6-Depleted Piglets

MANUSCRIPT II
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This study was designed to chalacterize changes in indices of sulphur amino acid

metabolism in response to gladed levels of vitamin B6 repletion in the vitamin 86

deficient piglet. Twenty 14-d-old pigs were subjected to 4-week vitamin B6 depletion.

Following the sacrifice of four pigs to serve as lepletion baselines, the remaining animals

were re-assigned to one of four dietary vitamin B6 repletion treatments: 0.75, 1.5,2.25

and 3 mg/kg diet as pyridoxine'HCl (n:4). Fasting blood was taken on day 3,7 , I0, and

14 afterrepletion, respectively. At D14 after repletion all the animals wele sacrificed to

end the trial. Vitarnin B6 repletion increased average daily gain (ADG) and feed

efficiency on the first week of repletion (P<0.05), but had no effect on average daily feed

intake (ADFI) and all the growth parameters on the second week of repletion (Þ0.05).

Dose-dependent response of plasma pyridoxal 5'-phosphate (PLP) concerfration to

vitamin B6 repletion was observecl throughout the experimerf (P<0.01). In the end

plasma PLP concentration in the treatment of 2.25 mg/kg was significantly higher than

those in the lower repletion treatments (P<0.05) but was not diffelent to that in the

repletion level of 3 mg/kg (Þ0.05). Plasma homocysteine concentrations in each level

of vitarnin B6 repletion decreased over repletion from baseline (510.9+33.9 VM). On the

first week of repletion plasma homocysteine concentrations in the treatment of 0.75

mg/kg were signif,rcantly higher than those in the other treatments (P<0.05). At the end

of repletion, plasma homocysteine concentrations in the treatments of 2.25 and 3 mg/kg

were still lower than those in treatments of 0.75 and 1.5 rng/kg (P<0.05). There u/as a

linear corlelation between plasrna PLP arid homocysteine concentrations within 10 days

aftel repletion. Plasma cysteine concentrations however, were lower on the filst week of

5.1 ABSTRACT
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repletion (P<0.05). Plasrna PLP and homocysteine data support incleasing vitamin B6

requirementto 2.25 rng/kg as pyridoxine'HCl. At the end of repletion vitamin B6

lepletion increased hepatic cystathione gamma lyase (P<0.01) but had no effect on

hepatic cystathionine beta synthase and serine hydroxyrnethyltransferase activities

(Þ0.05). In conclusion, plasma PLP and homocysteine showed dose-dependent

response to vitamin 86 repletion and therefore, serve as good indicators for vitamin B6

status. The observed patterns of these two parameters ale supportive of an inclusion level

of 2.25 mg/kg diet as pyridoxine.HCl, in diets fol young pigs.

Key words: piglets, vitamin 86, homocysteine, repletion, lequirement
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As shown i¡ Figure 1, cystathionine beta synthase (CBS), the first enzyrne in the

transsulphuration patirway in sulphur amino acid (SAA) metabolism, utilizes

homocysteine and seline to produce cystathionine. The lattel is then catalyzedby

cystathionine gamma lyase (CGL) to give dse to cysteine and ü,-ketobutyrate. Both these

reactions requile pyridoxal 5'-phosphate (PLP), the major biologically active form of

vitami¡ 86 in animal tissues as a cofactor'. Serine hydroxymetiryltransferase (SHMT) is

also a PlP-dependent enzyme, which catalyzes the reversible inter-conversion of serine

and tetrahydrofolate (THF) to glycine and 5,10-methylenetetlahydrofoate. The latter is a

pïecursor of 5-methyltrahydrofoate, a co-substrate for homocysteine remethylation via

methionine synthase. Therefore, vitamin B6 plays a clitical role in the metabolism of

hornocysteine, cysteine and one-calbon metabolisms as well. Metabolites including

homocysteine and cysteine involved in enzymatic reactions dependent on vitamin 86 in

SAA metabolism have been found to be sensitive estimates of deficiency of vitamin Be .

A static picture of temporal changes in indices of SAA rnetabolism in piglets subjected to

vitamin 86 depletion has been established in the plevious study. Increased homocysteine

and clecreasecl cysteine concentrations induced by vitamin 86 depletion wele reported in

rodent and pig models (Sniolin et a1., 1983; Martinez et al., 2000). Inhibition of

enzymatic reactions of CBS, CGL, and SHMT as well as changes in tliiol concentlations

by vitamin 86 restriction were examined in rats (Smolin and Benevenga, 1984;Lima et

a1.,2006) and pigs in our laboratory (Chapter 4). However, tire response of indices of

SAA metabolism to gtadecl levels of vitarnin B6 repletion is not yet clear.

5.2INTRODUCTION
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The curent vitamin 86 requirements are 1.5 rng/kg of diet for both 5-10 and 10-

20 kg pigs CNRC, 1998). These estimates were mainly based on growth rate, feed

efficiency, blood physiological parameters of hemoglobin, red blood cell and lymphocyte

counts, and biochemical inciice of urinary xanthurenic acid (Miller et al., 1957; Sewell et

a1.,1964). The limitation of the above studies first lies in that growth performance, the

majol response criteria used for estimating lequirements, could be affected by the

envilonment (Sewell et al., 1964). Second, the estiurates differ with the criteria used

(Miller et al., 1957). Furthermore, these studies were canied out four decades ago. The

development of genetic potential, procluction system and nutrition over generations

togethel with the very few reports on vitamin B6 requiremeffs call for a review of the

cunent recommendation of vitamin Bo. The study by \Moodworth et al. (2000) shows that

adding 3.3 rng/kg of pyridoxine to commercial ingredients based cliet irnprovecl growth

pelfonnance in pigs within 14 days post-weaning. Matte et al. reported that dietaly

supplementation of 50 mg/kg B6 saturated erythrocyte PLP in pigs within 2 weeks post-

weaning (Matte et al., 2005). This lesearch clemonstrates that vitamin B6 requirements of

pigs rnay need to be increased. Additionally, a depletior/repletion stucly has been shown

to be more sensitive in the detection of srnall differences in biological palametels (Peo et

al., 1957a,b). It is hypothesized that vitamin B6 and biochernical indices of SAA

metabolism are resporlsive to graded levels of vitarnin 86 repletion in pigs depleted in

vitamin 86. Thelefore, the cturent depletion/repletion expeliment was designed to

examine temporal changes in vitarnin B6 status and biochemical indices of SAA

rnetabolism in lesponse to graded levels of vitamin 86 repletion in the vitamin 86

depleted piglet.
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5.3.1 Animals

This experiment was appïoved by the University of Manitoba Institutional

protocor Management and Review committee. Twenty l4-d-old weaned cross-bred male

piglets were clelivered from The Glenlea Swine Research Unit, University of Manitoba to

the T.K. Cheung cerfre for Animal science Research, Forl Garly Campus, university of

Manitoba. pigs were individually housed in an environrnentally controlled room' There

were little holes in each divider between two pens for the visual interaction of pigs'

Metal chains ald plastic balls were provicled in each pen for eruichment' All the animals

in the experiment were cared for in accoÏdance with the guidelines of the Canadian

Council on Animal Care (1993).

5.3.2Diet and design

Depletíon protocol. A serni-purified basal diet without added crystalline vitamin

B6 was utilized. All the ingredients in the basal diet were purchased from Harlan Teklad,

U.S.A. All the pigs wer-e subjected to vitamin B6 depletion using tire vitamin B6-devoid

basal diet. Except for pyridoxine, the vitamin Ba devoid diet, as shown in Table 2 was

for.rnulated to meet or exceed the requiremetfs for 5-10 kg pigs' The powderecl diet was

rnixecl with water at the ratio of apploximate 3 parts cliet to I pafi water prior to feecling'

v/atel a'd feed were offeled fi'eely. In order to avoid the confounding effect of weaning

on initial feed intake, pigs were first adapted to a diet supplemented vitamin Be at tlie

level of 3 mg/kg pyridoxine'HCl fof three days befole implementation of depletion

protocol. The average initial body weight at the beginning of depletion was 5'0 kg'

5.3 MATERIALS AND METHODS
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Basecl on the folmer study (Manuscript I), a four-week depletion period was appliecl in

the curlent experiment.

Repletiort Protocol. At the end of depletion, 4 pigs were sacrificed, by the use of

Euthanyl tluough jugulal vein, in order to collect livel sarnples to selve as baselines for

the repletion plotocol. The remaining animals were reassigned to one of the four dietar.y

treatments of vitamin B6 repletion with 4 replicates per treatment. The four vitarnin B6

repletion diets were forrnulated by adding synthetic pylidoxine.Hcl at0.75,1.5 (NRC

requirement, 1998), 2.25 or 3.0 mg/kg diet to the vitamin 86 devoid diet. The duration of

the clietary repletion was two weeks. Pigs were fed, ad libittutn.

5.3.3 Data Collection

Feed intake was recoldecl daily. Body weight was measured weekly after 16 hours

of feed withdrawal. Avelage daily feed intake (ADFI), average daily gain (ADG) and

feed conversion efficiency (FCE) were calculated.

5.3.4 Blood and Tissue Collection

Fasting blood was taken before the start of depletion and at the end of depletion

peliod. Duling the repletion period, fasting blood was sampled on day 3,7,10, and 14

aftel dietary repletion, respectively. Blood was collected via jugular vein into EDTA

coated evacuated tubes, placed on ice, and covered with aluminum foil. Blood was

centriftiged at 9300 xg to harvest plasma. Following blood collection at the end of the

repletion peliod, all the animals were saclificed using Euthanyl as mentioned above and

liver sanples harvested and put immediately into liquid nitrogen. All the plasma zurd

tissue samples were stored at -80"C until analysis.

5.3.5 Analyses
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plasma plp was measured using a corrurercial ladioenzyrnatic assay (Vitamin Be

plp 3H-REA, ALPCO). Hepatic PLP was deterrnined by leverse phase-HPLC method

with fluorescence detection (Gregoly, 1980;Ubbink et al, 1985). Briefly, 0'5 gram of

liver sample was homogenized with 8 volumes of 10% trichloroacetic acid. After

centrifuge, 1 rnl of the supernatant was taken and incubated with 50 pL of 0'5 M

semicarbizacle for 30 minutes at 40 "C. Following extraction with 3 mL diethyl ethel and

3 mL dichloromethane, around i00 ¡rL of the supelnatant was harvested for loading onto

the HpLC. The PLP semicarbazone derivative was separated on a 
'Waters C-l8 column

(5 FM, 4.5 x250 mm; waters canada, Mississauga, oN)' using isocratic elution

(plrosphate buffer with3Yoacetonitlile,plH2.g) by means of a Shimadzu HPLC system

(Man-Tech Associates, Guelph, ON) and meastued by fluorescence detector (excitation À

: 350 run; emission l.: 478 run). The mobile phase flow rate was 1.1 mllmin.

plasma and hepatic total homocysteine and cysteine concentrations were analyzed

accorcling to the reveïse phase-HPLC method of Araki and Sako (1987), with

nrodifications as suggested by Gilfix et al', (1997)'

Hepatic apo and holo CBS activities were detelmined using radioisotopic

teclrniqnes with modifications (Mudd et a1.,1965. Taolca et al., 1998). O¡e gram of tissue

sarnple was homogenized with 4 mL of 0.05 M potassium phosphate buffer (pH 6.9) and

centriftiged as mentioned above. The incubation rnixtule included 0.15 rnM L-

cystatlrionine,4l.6T mM Dl-hornocysteine, 0'42n}y'rPLP (holo enzyme only)' 0'32 mM

S-adenosyhnethionine, 2.08 mM Dl-plopargylglycine, 125 mM Tris, 2'08 mM EDTA,

25 mM L-¡U-t4clserine (-74 000 dpnr/pmol) and i50 ptl. of hornogenate supernatant

withZlo/odilution in a total volume of 600 ¡rL. The reaction mixture, with the exception
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of fraC]ser-ine, was pre-incubated for 5 rnin at37 "C. The leaction was startecl by adcling

fraC]serine and was terminated after' 60 minutes using 300 ¡-rL of l5o/o ice-cold

trichloroacetic acid. Five hundred pLL of sample supernatant were loaded onto a column

with AG 50W-X8 resin (Bio-Rad) and the column washed with}x{ rnl- of water,6x4

mL of lN HCl, and 4x4ml of water in sequence. The laC-cystathionine was eluted with

5 mL of 3N arnrnoniurn þdroxide. One mL of the collected solvent was mixed with the

same fi.action of scintillation fluid (ScintiSafe PlusrM). Radioactivity was counted by a

liquid scintillation counter. Protein concentration and incubation titne wele tested to be

within the linear range.

Hepatic CGL activity was quantified by spectrophotometric assay (Stipanuk,

lgTg). Tlre reaction mixture consisted of 0.1 M potassium phosphate buffer, pH7.5,4'0

mM L-cystathionine, 0.125 rnM PLP (holo enzyme only), 0.32 ÍrM NADH, and 1'5 units

of lactate dehyc¡.ogenase/ml. Protein concerÍration was optirnized for both apo and holo

enzynes. The lcinetics of NADH absorbance was fileasured by DU 800

Spectrophotometel at 3J " C.

Hepatic SHMT was analyzed by a binding assay using ladio isotope f-¡t4CqU¡1-

Ser.i'e (Geller and Kotb, 1989;Lewis, et al., 1998). The leaction mixture contained 0.4

nr\4 serile, 2.0 mM tetrahydrofo late,2.5 mM EDTA, 1 .0 rnM 2-met'captoethanol, 0.25

mM PLP (holo enzyrne only). This mixture was incubated fol 10 min with the

temperature of 37"C. The reaction was stopped by streakinga25 pL aliquot onto a

labeled 3x3 cm squal.e of DE-81 filter paper (Wratrnan@). The paper was then washed
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witlr running distilled water at2-3liteÏs/min for 20 minutes. AfteI dÏying the paper was

cut into squares. The radioactivity of the sepalate paper square was counted'

Protein concentration for tissue hotnogenate was determined using a

Bicinchoninic Acid Protein Assay Reagent kit (Pielce, Product No. 23225)'

5.3.6 Statistical Analysis

To adequately account fol within-subject colrelation over time and handle the

rnissing data, the mixed model was applied to analyzethe parameters with repeated

observations including growth performance and indicators fiom plasma samples (Littell

et al., 1996; V/ang and Goonewardene, 2004). The diet effect and interaction effect

between diet and week were partitioned in the model' Because of the homogenous

variance over time in the contlol gloup and heterogeneous variances over time in the

deficiency gfoup, a coïIunon variance for contlol gloup and individual variance fol

deficiency gfoup thloughout the tlial were employed. For tissue sample data, the PROC

GLM was used, and a Randomised Cornplete Block design was applied in the model

(SAS Inst., Inc., Gary, NC, U.S.A.). Animals were treated as block' And diet and block

effects were partitioned in the model. For the data before diet treatment and at the end of

depletion, aveïage and standald error values wet'e obtained using PROC MEANS (SAS

Inst.,Inc., GarY, NC).

A generalized functiol, the Richat'ds equation (Thornley and Flance ,2007 , pp'

155-I57)was used to test whetheÏ the plasma PLP concentrations (PLP) vs' repletion

time (D) pr-ofile could be better described using a sigmoid function' The functional form

used was:

t.t



where PLPy is PLP at 0 repletion time, PLP¡ is PLP at final repletion time, D is

repletion tirne (D), k (/d) is a positive rate parameter and n2 -I. The Richards ecluation

was chosen because it encompasses the logistic, Gompertz, and monomolecular

(diminishing returns) when its additional palameter'(n) has a value of 1, 0 and -1,

respectively. Fitting the Richalds equation to the composite data showed that n was not

significantly different from 1. Therefole, the logistic equation was used. The logistic

flrnction was fitted to the data set using the nonlinear proceclule (PROC NLIN; SAS inst.

Inc., Cary, NC). The flinction was fitted with a common PLPovaluebut PLP1 and Æ were

allowed to vary. The palametel estimates with their standard enors and the required

repletion time at 90Yo of the final plateau PLP concentlation (PLPs¡t) were obtained.
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5.4. 1 Growth pelformance

Growth pelformance data is shown in Table 6. Average ADFI, ADG, and FCE

dnring depletion period were 390+15 g/d, 291+14 91d,0.742t0.013, respectively. During

the lepletion period, ADFI was not affected by vitarnin 86 repletion (F>0.05). However,

significant increases in ADG by vitamin 86 repletion were observed in the f,rrst week of

lepletion (P<0.05) during which ADG in pigs receiving 3 mg/kg pyridoxine.HCl was

higher than that in pigs receiving 0.75 mg/kg pyridoxine'Hcl (P<0.05). However, the

impact of repletion level on ADG was not observed on the second week of repletion

(^Þ0.05). Similarly, a significant effect of vitarnin B6 repletion on FCE was detected on

the first week after repletion as well (P<0.05).

5.4 RESULTS
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Table 6 Effect of vitamin B6 repletion on average daily feed intake (ADFI, g/d), avelage
weight gain (ADG, gld), and feed conversion effrciency (FCE) in vitarnin 86 depleted
piglets (Manuscript II)

Treffi
Item SEM P-value
ADr-i-
weelc 13 727 739 796 794 40 0.5681
Weetc 23 996 1002 1059 t04g 40 0.610i
ADG2
week 13 511b sgzob 562nb 673o 3g 0.0306
week 23 708 686 724 640 38 0.4571
FCE2
v/eek 13 0.708b 0.806ub 0.7r6b 0.850u 0.039 0.0497
week 23 0.713 0.686 0.683 0.611 0.039 0.3323
n-'Within a row, means without a conllnon superscript letter differ (P<0.05).
rvitamin B6 was supplemented as clystalline pyridoxine.HCl.
tAv"rug" ADFI, ADG, and FCE throughout depletion period were 390+1 5 gld,2glll4 g/cJ, and
0.7 42+0.0 13, respectively (n:20).
'Weekl = the first week after starting vitamin B6 repletion; Week2 : the second weel< after
starting vitamin 86 repletion
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5.4.2Plasma and liepatic PLP concentrations

As shown in Table 7, plasma PLP concentlations before dietary depletion and at

tlre end of clepletion \¡/ere 24.93+1.58 (n:20), and 3.18+0 .22 nmollL (n:20), respectively.

Plasrna PLP concentrations increased with increasing dietary vitamin B6 repletion levels

ttu'oughout the repletion period (P<0.01). In tlie 0.75 rng/kg pyridoxine.HCl clietaly

treattnent, plasma PLP concentrations increased signifrcantly over repletion until day 10

after repletion. In dietaly treatments of 1.5 and 3.0 mglkgpyridoxine.HCl, plasrna PLP

concentrations on day 7 were higher than those on day 3 after lepletion (P<0.01), but not

diffelent with those af later lepletion time points (Þ0.05). In2.25 mg/kg

pyridoxine'HCl dietary treatment, plasma PLP concentrations on the second week after

lepletion were higher than those on the first week after lepletion (P<0.05). Nonlinear

statistical analysis showed that the k value, the parameter reflecting repletion speed, was

much iiigher in the highest repletion level of 3 mg/kg pyridoxine'HCl than that in the

lowest repletion level of 0.75 mglkgpyridoxine'HCl (0.72t0.09 vs. 0.2110.04).

Sirnilarly, the plateau PLP (PLPÐ concentraton was 25.8t1.2 and 14.113.0 nmol/L for

3.0 rng/kg and 0.75 mg/kg repletion levels, r'espectively (see appendix II ancl ill).

As seen in Table 8, hepatic PLP concentlation in depleted piglets was 2.88+1.38

nmol/g. This concentration was elevated to the level between 4.1 1 and 1 1 .17 nmol/g.

Hepatic PLP concentlation at the end of lepletion in pigs receiving 0.75 mg/kg

pylidoxine'HCl was lowel than those in all the other tleatments (P<0.05). There were no

diffelences in hepatic PLP concentrations in pigs receiving 1.5,2.25, and 3 mg/kg

vitamin B6 as plridoxine'HCl, respectively (P>0.05).
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Table 7 Effect of vitamin B6 repletion on plasma pyridoxal S'-phosphate (PLP),
hgmocysteine and cysteine concentrations in vitamin Bo depleted piglets (Manuscript lJ)

Day after lepletion 0.75 mg.{kg . 1.5 mg/kg 2.25 melkg 3mg/kg SEM p-value

Day 7 5.95'B 15.15b4 15.33b8 25.47uA 1.76 <0.0001
Day 10

Day 14

Polynomial contrast Linear
Homocysteinez (pA4)
Day 3 3933^A
Day 7 l68.6uB
Day 10 40.18
Day 14 45.2o8
Polynomial contlast Cubic
Cysteine3 (pÌ.2)

10.62"4 1g.17bA 2r.43bA 26.g5^A 2.7r 0.002g
10.91"4 rg. gb/' 27.g4u{ 23.76n^ 2.01 0.0025

Day 3
Day 7
Day 10

Day 14

Polynomial contrast

Cubic Cubic Quadraric

loo.BbA 67.2b^ 5l.2b{ 55.7
42.sbB 34.gbB 37.f8 30.3
36.68 32.08 30.88 3.7
42.4u8 33.4b8 3o.9bB 2.g
NA Cubic NA

:-"Yiit+ a row, rnearls withour a 
"ommo-cwithin 

a colt-untt, nleans without a conll'rol'l superscript Llppercase letter differ (p<0.05).
'Ave.ag" PLP concentrations before and at the end of aepleiiån were2493*1.58, and 3.1g+0.22
nM, respectively (n:20); 'Average homocysteiu" .o,.r..,lìrutions before and at the end of
depletiorr were32.3*2.2 at'td 510.9+33.9 pM, respectively (n:20); 'Average cysteine
concentrations before and at the end of depletion were 1 gB.j*7 .l and g0.3+6.2 þM, respectively
(n=20).
NA lneans polynomia[ contrast is not applicable to linear, qLradradic, or cubic.

lzz. bc l56.7ub9 172.7n 174.6o 12.g 0.0479
1 3 6.3 

bc 
1 9 1 .3 

u48 rg4.2u 204.ru 1 3.3 0.0 1 g3

2rg3B 210.5A 208.7 2r0.g t4.0 0.9501
183.94 l88.8AB 186.6 t84.6 g.1 0.9801
Linear NA

0.0028
0.0224
0.3124
0.0136

NA
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Table I Effect of vitamin 86 r'epletion on hepatic PLP, homocysteine, cysteine

concentrations and hepatic apo-enzymatic activities (nmol/g) in vitamin 86 depleted

islets (Manuscript Il

PLP'(nmol/g)
Thiols2 (nmol/g)
Hon:rocysteine I25 156

Cysteine ^ 2006ub 2323o

Enzymes' (nmol/(min'mg protein))
CBS
CGL
SHMT

Witliitl 
" 

tr,\ r, mearls without a colnuloll superscript lowercase letter differ (P<0.05).
rVitamin 86 was supplemented as crystalline pyridoxine 'HCl.
tAverage hepatic PLP, hornocysteine and cysteine concentrations at the end of depletiott were

1.5 l+0.3 1, 392+63 and 17 76+77 umol/g, respectively (n=4);

'Apo en"yn e mealls without adding exogenous pyridoxal 5'-phosphate (PLP) to the reaction

,y.t"r¡ for analysis; CBS represents cystathionine beta synthase; CGL represents cystathionine

gãn1.u lyase; SHMT represents serine hydroxyrnethyltransferase, Average hepatic apo CBS,

ÓGL, unâ SHMT activities at the end of depletion were 1 .65+0.14,0.14+0.01, and 0.30+0.07

nrnol/(min' rng proteirr), respectively (n:4)'

Treatment

3.50
0.42b
0.78

ll.l7u

176
rg57ub

5.39
0.15u

0.82

5.86
0.5gub

' 0.77

9.88u

Is9
1 g00b

4.94
0.790

0.88

79

SEM P-value
t.2t 0.0156

16

t21
0.r9t7
0.0s78

0.2436
0.0045
0.4640

0.61

0.06
0.05
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5.4.3 Plasma and hepatic homocysteine and cysteine concentrations

Plasms l{omocysteine. Plastna homocysteine concerÍrations (Table 7) befor.e

and after depletion were32.3+2.2 and 510.9+33.9 p,M,respectively (n=20). Except day

l0 after repletion, plasma homocysteine concentlations wele significantly affectecl by

vitamin B6 repletion (P<0.05). Within the frrst week of lepletion, plasrna homocysteine

concentrations in pigs receiving 0.75 mg/kg pylidoxine'HCl were higher than those in

pigs receiving higher repletion levels of vitamin B6 (P<0.05). At the end of repletion,

plasrna homocysteine concentrations in pigs receiving 2.25 and 3 mg/kg pyr.idoxine.HCl

were lower than those in pigs receiving 0.75 and 1.5 mg/kg pyridoxine.Hcl (p<0.05).

Plasma homocysteine concentrations in each level of vitamin B6 repletion decreased ovet

the repletion period.

Plssmø Cysteine. Plasma cysteine concentrations (Table 7) before and after

depletion were 198.7+7.1 and 803+6.2 pM,respectively. The effect of graded levels of

vitamin B6 repletion on plasma cysteine was significant only in the first week after

repletion (P<0.05).

Hepøtìc Homocysteine and Cysteine. Hepatic homocysteine and cysteíne

concentrations (Table 8) at the end of depletion werc 392+63 and 1716*77 nmol/g,

lespectively. Hepatic homocysteine concentration was leslured to the level between

125+16 and 176 +16 nmol/g at the.end of repletion. However, there were ¡o differ-ences

in irepatic hornocysteine concentrations among repletion levels. Sirnilarly, hepatic

cysteine concentlation was restored to the level between 1800+12 1 and 2323 +I2I

nrnol/g at the end of repletion. B6 repletion levels had no effect on hepatic cystei¡e

concentrations at the end of repletion (Þ0.05).
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5 . 4 . 4 Hep atic enzy rne activitie s

Hepatic enzyme activities are shown in Table 8. Hepatic apo cBS, cGL, and

SHMT activities at the end of depletion were r.65+0.14,0.14+0.01, and 0.30+0.07

runol/(min'mg protein), respectively. Hepatic apo forms of CBS and SHMT at the end of

repletion were not different among vitamin B6 repletion levels (Þ0.05). Hepatic apo-

CGL was significantly affected by vitamin 86 repletion level (P<0.01). Apo-CGL

activities in pigs receiving 0.75 nglkgpyridoxine'HCl were lower than those in pigs

receiving other three levels of vitarnin B6 (P<0.05). There were no differences in hepatic

apo-CGL activities among treatmerfs of 1.5, 2.25 and 3.0 mg/kg pyridoxine'HCl

(Þ0.0s).
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To our knowleclge, this is the first study to characterize changes i¡ indices of SAA

metabolism to graded levels of vitarnin B6 repletion in vitamin B6 depletecl pigs. ADFI

Qasgld) in 5-13'3 kg pigs during depletion period in this experiment was even lower

than that in 5-10 kg pigs in NRC (1998). The lower feed intake by vitarni¡ 86 depletion

is consistent with previotts work in oul laboratory. Feed intake was not differe't

thoughout repletion period. Depression of appetite and food intake by vitamin B6

deficiency has been well documented QrlRC, 199g). It is postulated that when starting

repletion of vitamin 86, PLP status in all pigs was enough to prevent the loss of appetite.

Thelefore, thele was no difference in feed intake among different r-epletion levels

(P>0'05)' On the fir'st weelc of vitamin B6 r'epletion, ADG and FCE were significantly

affectecl by increasing repletion levels of vitamin B6 (p<0.05). However, these responses

dicl not show a dose-dependent phenomenon. The observation that ADG i¡ pigs

receivitrg 0'75 mglkgpyridoxine'HCl was lower than that in pigs from the other liigher.

vitanrin B6 r'epletion levels implies that the amount of vitarnin 86 added at 0.7Smglkg

pyridoxirie'HCl was still limiting as also evidencecl f¡om obselvations of

hypelhornocysteinemia and low levels of plasma PLP and cysteine at this tirne poi't.

The lower weiglit gain in pigs receiving 0.75 mg/kg pylidoxine'HCl miglit be due to the

nretabolic effect of vitamin 86 (Mackey, et al.,2006). The lowel weight gain therefore,

led to decleased feed conversion efficiency since feed intake was not cha¡ged. As

vitamin 86 repletioil pl'ogressed, the lepletion effect of vitamin B6 on growth promotion

disappeared on the second week while the effects on plasma homocystei¡e a¡d plp

concentrations wele still eviderlt. Thelefore, growth, the ¡et result of numerous metabolic

5.5 DISCUSSION
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events over a longer peliod is not a sensitive indicator of shoft-tenn cha¡ges in

biochemical rnetabolites as reported in another study (House et al., 2003).

PLP serves as a dilect measule of vitamin 86 status in vivo. pl,p at the begipi'g

of tlre depletion pilase was 24.9 nmol/L and decline d,to 3.2runol/L, consistent with

observations fi'om Manuscript L The patterns of response in plasma pl,p to pyridoxi'e

Iepletion leflect both dose and time dependency. Marlinez et al. (2000) provided

evidence of a close dependency of plasma PLP to increasing dietary 86 fi-om 0 to 2mglkg

diet in lats' V/ith respect to the temporal dependency of plasma p1-p to dietary B6

repletion, both repletion rate and plateau PLP concentration differ with repletion doses as

shown in the k values and PLP¡ values. The fact that the repletion rate in the treatment of

3 mg/kg diet was tnuch faster than the lowest repletion level of 0.75 rng/kg diet irnplies

that it takes more time to reach plateau level for animals at lower r.epletio¡ levels.

However, the reason why the animals on the lower PLP repletion doses exhibited lower

plateau PLP concentration remains unclear. With respect to the temporal dependency of

plasma PLP to dietary vitamin B6 r'epletion, at the lowest level of dietary B6 r.epletio¡

(0.75 mg/kg), plasma PLP was stiii increasing into the second week of r.epletion (p<0.05).

By day 14, only those pigs receiving the highest levels of dietary B6 (2.25 and 3.0 mg/kg

diet) exhibited maximal PLP responses and these were consiste¡t with the observed pr.e-

depletion levels' A similal pattern was obselved fol hepatic PLp concentlations duri'g

the lepletion phase. Ttris implies that plasma or hepatic PLP is a sensitive indicator to

vitarnin B6 status. While the aforernentioned lesults allow for the characteúzation of

vitamin 86 status tluough the use of dilect malkels of plasma and hepatic pl-p
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concentrations, the pdmary intent of the current study included the examination of the

sensitivity of sulphul amino acid metabolism to dietary vitamin B6 suppl/.

As mentioned above, metabolism of homocysteine thlough the transsulphuration

pathway is undertalcen by the PlP-dependent enzymes CBS and CGL. Likewise, the

endogenous production of 5-methyltetrahydrofolate, a substlate for homocysteine

remethylation, requires PLP (Figule 1). Allof the thlee enzyme activities of CBS, CGL

and SHMT after a 4-week depletion period were deplessed relative to pre-depletion

levels. A two-week repletion peliod resulted in substantial restoration of activity levels

(P<0.05). This rnight be due to the fact that when vitamin Bo is lepleted, PLP status is

improved, with resultant impacts on the structure of 86 dependent-enzymes (r-eviewed in

House et al., 1999). At the end of repletion, the effect of graded levels of vitarnin B6

repletion on enzyme activities was significant in CGL (P<0.01), but not i¡ CBS and

SHMT (P>0.05), This irnplies that these enzymes respond diffelently to vitamin B6

status temporarily. It is deduced that CGL has a higher affinity than CBS for-PLP in pigs

basecl on the observation in our plevions study that there was one week lag of occurrence

of significant decrease in cysteine than the inclease in homocysteine by vitarnin B6

depletion (Chapter'4). The l(ln valnes of CBS, SHMT and CGL for PLP were reported

to be 700 nM,850 nM, and 1400 ttM, respectively by in yilro measulemelÍs (Oh arid

Clrnrchich, 1973; Peny et a1.,2007). This indicates that CGL has a lowel aff,rnity tlian

CBS and SHMT for PLP, which means that it takes longer time for CGL to reach its full

capacity to combine PLP. We foturd that CGL activities at the end of lepletion in the

current experiment is only 29%-55% of that in control piglets receiving the same basal

cliet supplementing 3 mg/kg pylidoxine'HCl in our previous study. As such, the duration

84



of two-week repletion is enough for CBS and SHMT, but not enough for CGL to fully

recover due to that the affiriity of CGL for PLP is almost doubled that of CBS a'd SHMT

as discussed above. The enzyme response of SHMT to graded levels of vitarnin 86

repletion in pigs in this expetiment is not consistent with that in a st'dy by Scheer et al.

(2005) in which apo-SHMT activities in rats receiving 5 weeks of graded levels of

pyridoxine declined with leduction of dietary pylidoxine (P<0.05). In the rneantirne,

Lirna et al' (2006) did not detect differences in CGL activities in rats receivi'g five weeks

of semi-purified diet with supplernentation of 0, 0.1, 0.5, I and 2rng pyridoxine,

respectively (Þ0.05).

The novelty of this experiment lies in the use of homocysteine and cysteine as

response criteria fol vitamin B6 status using a depletion-r'epletion protocol.

Homocysteine and cysteine are well documented to be sensitive to vitamin B6 deficie¡cy

(srnolin and Benevenga,l9B2,l9B4; Smolin et al., 19g3; Martinez et al., 2000).

However, little is knowu concerning the response of homocysteine and cysteine to graded

levels of vitamin 86 r'epletion. At the end of depletion, severe hyperhomocysteinemia

was developed due to the very low status of PLP in vivo. Consistent with the obselved

restoration in enzyme activity levels upon vitamin B6 repletion, plasrna total

homocysteine and cysteine concentrations reverled back to contlol levels dur.ing r-epletio¡

phase. The pattern of changes fol both total homocysteine and cystei¡e mirored the

temporal and dose-dependent responses observed for plasma PLP. Nonlinear regression

analysis shows the data set between plasma PLP and homocystei¡e fits inverse first order

eqnation HCY:-37.2963+1387.22I2|PLP (P<0.0001; R2:0.7163). A depletion-replerion

study in rats also illustrated a decrease in plasma homocysteine as the progress of
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repletion in folate-depleted rats (P<0.05). In general, when plasma PLP concentratiols

exceeded i0 nrrol/L, plasma total homocysteine and cysteine approximated

concentrations observed in pigs receiving diets with adequate levels of vitami¡ 86.

By contrast to homocysteide, plasma cysteine concentrations were increased by

vitamin B6 repletion within the first week of repletion. The repletion effect of vitamin B6

on cysteine had disappeared in the second week of repletion (P>0.05). However, the

lower CGL activity in pigs receiving 0.75 mg/kg pyridoxine.HCl than in those receiving

2.25 and 3 mg/kg pyridoxine'Hcl (P<0.05) at the end of repletion would be expected to

lead to changes in cysteine concentration since cysteine is the product of CGL catalyzed

reaction. This inconsistency might be contributed by cysteine tuLnover, probably due to

the downstream metabolism of cysteine to glutathione, taurine and sulphate. The positive

correlation between plasma PLP aiid cysteine was maintained within the first week

(P<0.05) as well. The fact that the significant impact of vitamin B6 repletion on

homocysteine was maintained longer than it was fot cysteine implies that homocysteine

may serve as a more sensitive indicator of vitamin 86 status, as opposed to cysteine.

While not the primaly focus of the present study, the results do provide additional

insight into the adequacy of current dietaly vitamin B6 recommendations fol young pigs.

Plasma PLP and homocysteine concentrations are sensitive to vitamin B6 status in

repletion study. It follows that these two parameters can be utilized to serve as response

criteria for estirnating vitamin 86 iequirement. Plasma PLP and homocysteine

concentrations in pigs receiving2.25 mg/kg diet of pyridoxine'HCl were signif,rcantly

different than those in tire treatments of 0.7 5 and 1.5 mg/kg, but not different fi'om those

in pigs cottsuming 3.0 rng/kg by clay 14 of the repletion peliod. The concentrations of
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these two indicators in the tleatment of 2.25 mg/kg recoveled to the levels prior to

clepletion as well. As such, these data support incleasing vitamin B6 requirementto 2.25

mg/kg, as adcled pyridoxine'HCl, for pigs in the 10-20 kg weight class, reflecting an

estimate that is I50% of the current NRC recommendation (NRC, 1998). These lesults

support the recommendations of othels to readjust vitarnin B6 reconirnendations upwards

for young pigs (V/oodworth et al,2000; Matte et al., 2005).

In summary, gladed levels of vitamin B6 repletion resulted in dose-depenclent

responses of plasma PLP concentlation and indices of SAA metabolism. As the level of

dietaly vitarnin B6 repletion increased, plasma PLP plateau concentration and repletion

rate increased, and time to reach 90o/o of plateau shoftened. Plasma hornocyseine

decleased as lepletion level increased and demonstrated linear comelation with plasma

PLP within 10 days after repletion. Changes in plasma PLP and homocysteine

concentlations respollsive to graded levels of vitarnin B6 repletion plovided supports for

tlre inclease in vitamin 86 requirement in i0-20 kg pigs to2.25 mg/kg as pylicloxine'HCl.
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Establishment Of An ín vívo Isotope Model lJsing L-12,3,3-d3]Serine and L-

¡l-r3ClCyseine To Quantifu The Rate Of Transsulphuration In The Early

Weaned Pig - A Pilot Study

CITAPTER SIX

MANUSCRIPT III

88

88



The objectives of this pilot study were to establish priming ancl constant inftision doses

for tire measuïefitent of L-[3-l3C]cysteine andL-12,3,3-d3]seline kinetics, based on

plasma precuïsor pool enlichment. Additionally, the study was undertaken to detelmine

whethel we could measuïe the rate of transsulphuration, thus establish a stable isotope

model based on these two stable isotope tlacers to quantify transsulphuration rate in

piglets. Piglets were freely fed the same semi-purified diet as the control diet used in

manuscript I and II. Pigs were surgically installed with a jugular and femoral catheters'

The priming infusion dose fol t-¡:-l3Clcysteine was 7.5 pLmol/kg and constant infusion

late was 7.5 pLmol/(kgJi). The plirning infusion dose for L-12,3,3-$]seline was 60

punol/kg and constant infusion dose was 60 pLmol/(kg.h). After thlee days recovery, an

eight-hour isotope infusion was initiated. Bloocl was sampled hourly during the infusion

period. Isotopic eruictunents were measured by GC-MS. Cysteine (rn+3) eruichunents

fi.orn sedne (m+3) were low, but pelmitted a calculation of the transsulphuration rate as

1.1 pnnol/(kg.h), which was 5Yo of cysteine flax of 22.5 ¡rmol/(kg.h), Serine flux was

determined tobe204 pLmol/(kgù). The stable isotope model using L-¡3-'3Clcysteine and

L-12,3,3-dzlseline to detelmine transsulphuration rate was preliminalily established based

on the observation of significant and measurable enlichmeuts.

I(ey words: Stable isotope model, serine, cysteine, pig, transsulphulation rate

6.1 ABSTRACT
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Pyridoxal 5'-phosphate (PLP), the major biological form of vitamin 86, selves as

a cofactor fol cystathionine beta synthase (CBS) and cystathionine garnma lyase (CGL)

in the transsulphuration pathway and serine hydroxymethyltransferase (SHMT) in 1-

calbon unit metabolism. Therefore, the status of vitarnin B6 is associated with sulphru

amino acid metabolism and 1-carbon metabolism as well. A large volume of research

shows the role of vitamin B6 deficiency in perturbing the metabolism of serine and

sulphul amino acids. Overall, a consistent conclusion is that vitarnin B6 def,rciency

6.2INTRODUCTION

results in decreases in hepatic and plasrna PLP concentrations, and hepatic SHMT, CGL

activities. However', the results of hepatic CBS activity, plasma homocysteine and

cysteine concentrations show a lack of consistency (Smolin and Benevenga, 1982,1984;

Srnolin et al., 1983; Martinez et a1.,2000; Scheer et al., 2005; Davis et al., 2005,2006;

Linra et a1.,2006),and are dependent on the degree of deficiency and the models usecl in

the experiments. The experiments from our laboratory in eally weaned pigs showed

incleases in plasma homocysteine and serine concentrations and decreases in plasma

PLP, cysteine, glycine concentrations, and hepatic CBS, CGL, and SHMT activities,

which wele resulted fi'om dietary vitamin B6 depletion (Manusclipts I & II). It follows

that in combination with other studies, the given research (Manuscripts I & II) confilrned

the role that vitarnin B6 def,rciency plays in inhibitirig transsulphuration and one-carbon

unit metabolism in a pig model. As such, kinetic measurelnents pertaining to the effect

of vitamin 86 deficiency ou transsulphulation are critical to quantify the net irnpact of B6

deficiency on the synthesis of cysteine for use by the body.
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As discussed in Chapter 2,the rnethodology for deteunining transsulphuratiol

Iate can be grouped into one of two genelal methods - indirect or direct. With the

indirect method, 13C labeled methionine oxidation is followed as an indirect measure of

tlanssulphuration rate, and this rnethod is typically known as Storch-yourg model

(Storch et a1., 1988). The mechanism for measuring transsulphuration rate using this

rnethod is that the labeled 1-r3C rnoiety can be finally metabolized to yield l3CO2. The

m.easurement of l3CO2 eruichment in breatli together with measurernent of l3C

methionine in the inftisate and blood, ale used to calculate tlanssulphuration rate. This

method is widely used in human studies to quarfify the kinetics of transsulphuration,

rernethylation,andtransmethylation(Stolch etal.,1988,1990;youngetal., l99l;

Fukagawa et al., 1 996,1998; Raguso et a1.,7997,2000; Maccoss ef a1.,200r; Jahoor et

aL.,2006). However, the clisadvantage of this method lies in overestimation from

production of l3C02 delived from sequestration of S-adenosylmethionine fol polyarnine

synthesis. The other rnethod for transsulphuration late quantification is direct method

using L-123,3-$l serine and stable isotope labeled cysteine, snch as L-[:-l3C]cysteine.

In this method, the sulphur atom fi'om hornocysteine is transfelred to serine skeleton to

yield cysteine, whicir explains how the term "transsulphulation" is dedved. Cysteile, the

pÏoduct of transsulphuration pathway, serves as a precllrsor for the endogenous synthesis

of gltrtathione and taurine in vivo.

Because of the advantage of avoiding ovelestimation from transaniination of

methionine, the direct method has been attracting the attention of researchers. In

pafticular, this method is applicable to the stucly of piglets because it does not requile

collecting breath samples. Detennination of transsulphulation rate using L-12,3,3-$]
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serine and L-[3-l3C]cysteine has been reported to be successftil in sheep (Liu et al.,

2000), but not in rats (Davis et aL,2006; Jahoor et al., 2006). Measurement of

transsulphuration rate in the whole-body level has not been reported in a pig model. One

challenge from using this method in pigs comes from the considerable dilution of infused

serine tracer. A study in piglets infused with [3H] serine for 4 houls in our laborator.y

showed that the regression relationship between plasma specific radioactivity (SRA) (x)

and hepatic SRA (y) was 50.1602x+6.4009 Gf:0.915) (Ludke, 2004). This

demonstrates that the hepatic serine pool was substantially diluted to 16%oof that found in

plasma. This fact likely necessitates the infusion of higher dose of serine tracer to allow

us to detect labeled cysteine derived from labeled serine. In addition, the analysis of

cysteine emichment rnay be challenging since cysteine oxidation is easily to be occurled.

Therefore, a pilot sfudy was undeltaken to establish a stable isotope model utilizing L-

12,3,3-$l serine and L-13-l3C]cysteine, wìth the intent of determining the quantitative

impact of deficient vitamin 86 status on serine and cysteine kinetics, and the rate of

transsulphulation in young pigs.
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6.3 IIYPOTHESIS

NULL HYPOTHESIS

Tlre stable isotope moclel with L-[3-t3C]cysteine andL-12,3,3-d3]serine is not capable

of determining transsulphuration rate.

ALTERNATIVE HYPOTHESIS

Tlre stable isotope model with L-[3-r3C]cysteine and,L-12,3,3-d3]ser-ine is applicable

to determining transsulphuration rate.

6.4 OBJECTIVES

i) To exarnine whether the selected prirning closes and constant inftisiol rates of L-

[3-'3C]cysteine ancl L-12,3,3-filserir-re allow for determining transsulphuration rate.

2) To set up a stable isotope model employing t-[l-t3c]cysteine and,L-12,3,3-

d3]seline to quantify transsulphuration rate in piglets.
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6.5.1 Animals and management

Four Male f(YorkshirexLandrace)xDuroc] closs-bred piglets wer.e obtained frorn

the University of Manitoba's Glenlea Research Station swine barn. The pigs were

weaned at 17-d-old and admittecl to the University of Manitoba Animal Science Research

Unit. The animals were housed individually in pens with plastic-coveled expanded metal

floors and fed the corrtrol semi-purified diet as nsed in Manuscript I and II.

6.5.2 Surgery

Isotope infusion and blood..collection were performed through femoral and jugular

venous catheters, respectively. These catheters were installed surgically. The general

protocol for surgery followed those of Wykes et al., (1993). After an overnight fast,

piglets were anesthetized with 4%o halothane in oxygen. After induction of anesthesia,

lralotlrane concentlation was reduced to approxim ately 2.5%o. Piglets were placed on the

operation table and tholoughly scrubbed with skin clea.nser, followed by 70% isopropyl

alcohol and f,rnally a betadine solution, which was applied to the entire left side of the

pig, neck and tluoat regions, and the inner left hind leg. A subcutaneous injection of

Cronyxin (pain management; lrnl/45kg BW) and an intlamusculal injection for.Excenel

(antibiotic; ImLl ITkgBW) were given.

The filst incision was made on the uppel back above the shoulder. The second

incision was close to the central neclc. The incisions were opened a little bit using

hemostats. A one-inch hole was punctuled left to the first incision using a cutting neeclle

and a catheter was introduced. By the use of srnall straight hemostats, a grolnrnet was

thleadecl just under the first incision to fix the cathetel. Using a tLochar, the catheter was

6.5 METHODOLOGY
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ftrnneled subcutaneousiy to the incision at the side of tlie neck. This pr.ocedure was

Ïepeated for the femoral catheter except that the cathetel was tunneled to the incision on

the knee. Subcutaneous and slcin sutules \,vere then followed on the first incision. After

re-positiotling the animal, an incision was cut laterally and the jugular vein was dissected,

A catheter was inserted into the vessel with the help of curved hemostats, forceps, a

stlaiglrt angled 2}-gauge needle, and an introducer. Sutures of grommets, muscle and

skin were followed. An adaptel was attached and linsecl with hepari nized saline.

Altibiotic cream (PolysporinrM) was applied on the incisions and a jacket with pocket

was put on in which the outside end of the catheter was helcl.

Excenel injection arid antibiotic cream were repeated for 3 days post-sulgery to

i'educe the chance of infection. Body temperature was monitored fol several days post-

operation and catheters were checked daily for patency (Ludke, 2004).

6.5.3 Stable isotope tracers

Tlre stable isotope tracers, L-[3-l3c] cysteine and.L-12,3,3-d3] serine wer.e

purchased fìom Cambridge Isotope Labolatories, Inc (50 Frontage Road, Andover, MA,

01810, USA) with chemical pulity of greater thangSYo for both. L-[3-r3C] cysteine was

clrosen to quaritify the flux of cysteine. L-12,3,3-d3] serine was chosen to serve as a

substrate markel fol tlanssulphuration. The net result of the tlanssulphuration pathway is

tlrat tlre sulphur atom is transfeued to the skeleton of L-12,3,3-d3] ser-ine to generate L-

12,3,3-$l cysteine.

6.5.4 Inftision doses

The appropliate priming dose and constant infusion rate are critical for the

measurement of transsulphuration rate. If tlie rates fol plirni¡g dose and infr-rsio¡ rate are
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too low, it may not be possible to detect the cysteine coming from labeled tracers; If too

high, isotope costs may become prohibitive. With respect to cysteine and serine

i¡flisions in swine, limited infolmation exists with lespect to the infusion of L-[3-

r3C]cysteine and L-12,3,3-fulserine to determine transsulphuration rate. In a sheep model

constant inftision closes for L-13-l3C]cysteine andL-12,3,3-d3]serine were 1.37 and 4.36

¡-rmol/(kg.h), respectively (Liu et aL.,2000). Based on the challenges fi'om cysteine

oxidation, and evidence from our laboratory related to the extensive dilution of hepatic

serine label (Ludke,2004), the constant infusion rate was set as 7.5 pmol/(kgJr) for L-[3-

r3Clcysteine and 60 ¡-Lmol/(kgJi) fpr L-12,3,3-d3]serine. Accorclingly, the priming dose

was 7.5 prmol/kg for L-[3-'3C]cysteine and 60 ¡-Lmol/kg forL-12,3,3-d3lserine.

At 6:00 AM on the morning of infusion, 180 mL of stelile tracer solution were

made based on body weight, infusion rate (20 ml/lu) and target infusiott doses (serine:

60 ¡-rmol/(kgJr); cysteine J.5 ¡-Lrnol/(kg.l-r)). Tracers wele dissolved with saline, filtered

and transfemed to a stelile bottle.

6.5.5 Isotope infusion and bloocl sarnpling

With respect to optirnal sites fol infusion and sampling, sites upstream frorn the

site of infusion in primed-constant infusion experiments ale prefemed (Wolfe, 1984). Fol

the cun'ent study, isotopes were inftised into the femoral vein and sampled frorn the

jugular vein, respectively.

After collecting baseline blood samples, a prirning dose was infused for 12

minutes at the speed of 99 rnl/h using an infusion pump. The infusion speed was

switclred to 20 mLllt at the end of 12 minutes of infusion. At the end of one hour after
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infusion, 8 rnl, of blood sarnple was dlawn using aheparinized syringe through jugular

vein catheter and transfelled into an EDTA coated vacuulll tube. The constant infusion

was kept until the end of 8 h after infusion. Blood was sampled at an hourly interval.

The anirnal had free access to feed and water during infusion period. At the end of

infusion, the pig was sacrif,rced right away using Eutlianyl through jugular vein catheter

and liver samples collected irfo liquid nitrogen right away.

6.5.6 Processing of harvested blood samples

Following collecting plasma, half of the plasma was stored in -80"C freezer. The

other half was treated as the following ploceclule to prevent cysteine frorn oxidation: to

eaclr portion of I mL plain plasma, 200 ptL of 100 mM dithiothreitol (DTT) and20 pL of

5 mM nor-leucine (in 0.1 N HCI) were added and incubated at room temperature for 30

minutes. Following incubation, 1500 ¡-LL of acetone was addecl to deproteinize the

plasma. The supernatant was halvested after centrifuge and added 100 pLL of the above

DTT. The processed samples wele stoled in -80"C until analysis.

6.5.7 Measurentetrt of isotopic eruichrnents

Emichment rneasurernent of stable isotope labeled atnino acids was based on the

method by Wykes et al. (1996) with rnodifications. Plasma was de-proteinized by adding

800 pLL of 1M glacial acetic acid to 200 prl- plasma. Liver samples (200 rng) were

homogenizecl in 5 mL of ice-cold de-ionized water and incubatecl for 10 minutes on ice

aftel adding 500 ¡-LL of 10% Tris (2-calboxyethyl) phosphine hydlochloride (TCEP). The

above samples were de-proteinized by aclding 4.5 mL 22.2% trichloroacetic acid (TCA).

The arnino acids frorn the supernatant of plasma and liver satnples were purif,red using
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Dowex columns (Bio-Rad, AG-50W-X8 resin, 200-400 mesh, H*) and dried using a

Speedvac. Estelification using acetyl chloride and propanol (1:5) was followed and

fuilher derivatized with 100 pLL hepatofluolobutylic anhydride. After dissolving with

300 pLL ethyl acetate, the samples wele loaded into an auto sampler microvial fol analysis

using negative chemical ionization GCMS. The natural isotopic abundance m was

perforrned atnJz 519 ancl 535 fol serine and cysteine, respectively. The isotopic

enriclrrnents of deuterium labeled seline m*1, m-12, m*3 wele made at mlz 520, 52I, 522,

respectively. Cysteine labeling coming fi'om sedne was monitored at mlz 536,537,538,

respectively.

6.5.8 Calculation of cysteine and serine kinetics

The calculation of metabolic kinetics was based on those used by Liu et al.

(2000). The plasrna irreversible loss rate (ILR, prnol./(kg'h)) of seline or cysteine was

calculated using the formula:

¡¡P=[(MPEi/MPEs)-11 xI

Whele MPEi is the enrichment of tlie infusate and MPEs is the plateau eruichment of the

amino acids in plasma. "I" stands for the lates of isotope infusion (60 and 7.5

pmol/(kg.h) for seline and cysteirre, respectively). Tlanssulphuration rate (TS), the

amourrt of mass transfered fi'om sedne to cysteine, was calculated as

TS=ILRcys xMPEcys(m+3)/lMPEs er(m+3)

V/hele ILRcys is the ILR of cysteine, MPEser(m+3) is the plasma plateau emichment of

12,3,3-D3] setine, MPEcys(m+3) is the plasma plateau eruichrnent of 12,3,3-D3] cysteine

derived ftorn 12,3,3-D3] serine.
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6.6 RESULTS AND DISCUSSION

6.6.1 Enrichrnerfs and fluxes

Tlie objective of this pilot study was to establish a primed-continuous infusion

dose for both serine and cysteine that would: a) lead to a plateau in amino acid

emichment; b) lead to the sensitivç lneasurernent of sufficient enlichment in the given

isotopes; and c) provide for the lneasurelnent of transfer of label from serine to cysteine.

Based on the lesults, the objectives \ryere met with the use of a single pilot subject.

As shown in Figure 3, plasma serine (m+3) reached plateau starting from the end

of the fir.st hour after inftision, which was maintained until the end of eight hours of

infgsio¡. This demonstrates that the serine tracer inftision dose met the objectives for

nreasuring serine flux. The flux value fol set'ine was calculat ed as 204 pmol/kg/h (Table

9). Similarly, cysteine flux was calculated as 22.5 ¡rmol/kg/h based on L-¡3-'3C1

cysteine ilftrsion rate and the enrichments of cysteine (m+1) in plasrna and infi-rsate.

However, cysteine (m+3) in plasma was not detected. This may be due to the limitations

of GCMS analytical teclrnique. Alternatively, the failure to detect measurable cysteine

(ni+3) emichrnent may be related to the lalge dilution of serine in the liver as mentioned

above. When greatly diluted in the liver, the ploduction of cysteine (rn+3) will be

reduced, which will be further diluted once iuto blood stream. As shown in table 9,

cysteine (m+3) was cletected in the liver, but not in plasma. A solution to detecting

cystei¡e (rn+3) in plasma may be to ftiither inclease the seline (rn+3) infusion dose'
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6.6.2 Tnnssulphuration rate

Since transsulphulation happens intracellularly, hepatic cysteine Qn+3)

eruichment was employed to calculate transsulphuratiotl rate (TS). TS was calculated as

1.1 ¡rmol/k glh, and thus accounted for 5o/o of cysteine flux (Table 9).
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Figure 3 Plasma serine (rn+3) enrichment i'piglet i'fused

and L-[3-r3C]cysteine
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ftems

Table 9 Surnmary of pilot kinetic measurements (Manuscr.ipt III)

Cysteirie (m+1) enrichment in plasma (%)

Cysteine (m+1) emiclunent iri infusate (%)

t-¡:-13C1 cysteine infusion rate (prmol. lkglh)

Cysteine flux, Qsy5 (¡irnol/kg/h)

Serine (m+3) enrichment in plasma (%)

Serine flux (¡rmol, lkgth)

Cysteine (m+3) enrichment in liver (%)

Cysteine (rn+3)/serine (m+3) (%)

Transsulphuration rate, TS (¡rmol/kg/h)
Note:

1)

2)

Prinred infusion rates were 60 and 7.5 pmol/kg for-L-[2,3 ,3-2HtJ ser.ine and L-[3-
I 3C]cysteine, respectively.

Constant infusion lates were 60 and 7.5 ¡rrnol/kg/h for L-12,3J-2H3] serine and
L-13 - 

t 3C] cysteine, respectively.

Transsulphuration rate calculation was made based on the assumption that hepatic
cysteine emichment is equal to plasrna cysteine plateau enrichment

3)

Results

t02

24.5

98

7.5

22.5

22.3

204

1.1

4.9

1.1
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4\ 6.7 SUMMARY

The inftision rates forL-12,3,3-d3]seline and L-[3-l3C] cysteine allowed 11s to

achieve measureable enrichments and tlanssulphulation rate. The stable isotope model

using L-12,3,3-d3lserine and L-[3-l3C] cysteine for determining transsulphuration rate

was pleliminarily established. Based on this pilot study, the inftision dose for L-[2,3,3-d3]

seline could be further incleased in next study in order to detect the eruichment of

cysteine (m+3) in plasma.
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CHAPTER SEVEN

Measurement Of Serine and Cysteine Kinetics In The Vitamin B6

Deficient Pig

MANUSCRIPT IV
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Vitamin B6 status plays a significant role in 1-calbon and sulphur amino acid metabolism.

V/e hypothesized that whole-body serine and cysteine kinetics, ilcludi¡g

tlanssulphuration late (TS) will be decreased during vitarnin 86 def,rcie¡cy i¡ pigs. Ten

(5/treatment) 14-d-old pigs were fed a semi-purifred diet contai¡i¡g either 0 (deficient

group) or 3 rng (control grolrp) pyridoxine'HCl/kg diet, using a pair-feeding design. After

thÏee weeks of dietary vitarnin B6 depletion, lcinetic rleasurements were undeftaken

tluonglr the use of primed-continuous infusion of L-12,3,3-d3]serine and L-[3-

r3C]cysteine. 
The prirning dose was 90 ¡rmol/kg forL-12,3,3-d3]ser.ine and.7.5 prmol/kg

fol L-[3-r3C]cysteine. The constant infusion rate was 90 and 7.5 prnol/(kg.h) for L-

[2,3,3-d3]serine ald L-[3-t3C]cysteine, respectively. Blood samples were taken at

baseline and hourly for a total of 6 houls. The results indicated that, among the

perfonlance indices, only feed eff,tciency at tlie third week was significa'tly reduced

(P<0.05). As a lesult of dietary vitamin B6 depletion, significant decreases in plasrna and

hepatic pyridoxal 5'-phosphate (PLP) concentrations, hepatic enzymatic activities of

cystathionine beta synthase (cBS), cystathionine gamma lyase (cGL), and serine

hyclroxyrnethyitransfelase (SHMT), as well as increases in homocysteine concentlations

were observed (P<0.05). 'Whole-body plasma serine flux rate in vitamin B6 deficient pigs

was reducedby 30% (655.9t26.7 vs.463.9+26.7 ptmoL/kg/h, P<0.01). Plas¡ra cysteine

flux was 119.813.6 pmol/ltg/h for control and.97.8+3.6 prmol/kg/h for B6 def,rcielt pigs

(P<0.05). HoweveL, TS was not detected, likely due to the extent of intracellùlar-dilution

of the serine label. The turn over of one-carbon units was affected, as evidenced by the

incteased glycine (rn+1) eruichment due to vitamin B6 deficiency. In conclusion, the

7.1 ABSTRACT
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results fiom this experiment demonstrate perlurbation of metabolism of serine and

cysteine in terms of kinetics and static m.easures of the biochemical indices by vitamin B6

deficiency in a pig rnodel.

Key Words: vitamin 86, cysteine, serine, isotope dilution, pigs
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Pytidoxal 5'-phosphate (PLP), the major biological forrn of vitamin 86, serves as

a cofactor for over 100 enzymes, including the enzymes cystathionine beta syntliase

(CBS) and cystathionine gamma lyase (CGL) in the transsulphuration pathway and serine

hydroxyrnethyltlansferase (SHMT) in the folic acid cycle. As such, the stafgs of vita'ri'

86 is associated with homocysteine remethylation, transsulphulation and de novo supply

of cysteine, accordingly. A selies of investigations demonstrated that clietary vitamin B6

deficiency caused significant decreases in hepatic and plasma PLP concentrations,

hepatic SHMT and CGL activities and increases in plasma glycine and cystathionine

concentrations, but had no affect on hepatic CBS activity (Marlinez et a1.,2000; Scheer et

aL.,2005; Davis et aI.,2005,2006; Lima et ai..,2006). However, changes in homocysteine

and cysteine concentrations demonstrated a lack of consistency, and likely varied due to

the model employed and the degree of vitamin 86 deficiency developed (Davis, et al.,

2006; Lima et a1.,2006).

Serine has been shown to be a rnajor source of one-carbon units (Davis et al.,

2004) and the substrate fol transsulphuration as discussed below. The rnetabolism of

seÏine requires vitamin B6 as a cofactor'(lrtrelson and Cox, 2000). The experiments

presented in Chapters 4 &, 5 plovide strong evidence of consistent increases in plasna

homocysteine and serine concentrations and decreases in plasma PLP, cysteine and

glycine concentrations, and hepatic CBS, CGL, a:rd SHMT activities by vitarnin B6

depletion in the young pig. These.clata confirm the role that vitarnin B6 deficiency plays

in inhibiting transsulphuratiou and affecting the rnetabolism of one-carbon units.

T.2INTRODUCTION

t07
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Transsulphuration is a rnetabolic process in which the sulphur atom fi-om

homocysteine is transferred to the carbon skeleton of serine via enzymatic reactions of

CBS and CGL (Figule 4). Cysteine, the product of the transsulphuration pathway, serves

as a precursor for the endogenous synthesis of glutathione and taurine in vivo. Therefore,

the transsulphuration pathway is important to the health of humans and anirnals, throggh

the provision of the reduced form of glutathione (GSH), which plays a rnajor lole in

maintaining a reduced cellular envilonment and as a mediator of many physiological

reactions, including the metabolism of xenobiotics (Franco et al.,2007).
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Figure 4 Ploposed rnetabolic pathway for isotope labeling of d3-cysteine via d3-serine
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HoweveL, the information with respect to kinetic measurements of sulphur amino

acids in vitarnin B6 deficiency is limited (Davis et al., 2006). In parlicular, the rate of

transsulphuration (TS), a terrninology reflecting the late of endogenous production of

cysteine, at the whole-bocly level in pigs cleficient of vitamin 86 has not pleviously been

repoiled. The measurement of TS, cysteine and serine flux in a pig model subjected to

vitamin B6 depletion is important in order to quantifu the impact of vitamin 86 deficiency

on 1 -carbon metabolism and transsulphuration.

For the cur:rent stttdy, it was hypothesized that vitamin B6 deficiency decreases

sedne and cysteine fluxes and TS tluough the inhibition of enzymes in transsulphuration

pathway and folic acid cycle. The objective of this experiment was to determine kinetic

fireasurements of tlanssulphuration and serine tulnovel using L-[2,3,3-D3] serine and L-

[3-'tC] cysteine, in addition to static measurement of metabolites in the transsulphuration

pathway.
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7.3 MATERIAL AND METHODS

7.3.I Animals, dietary treatment and sur.gely

This experiment was approved by the University of Manitoba's Institutional

Plotocol Management and Review Cornmittee. Ten 14-d-old cross-bred pigs were

individually housed and assigned to receive one of two dietary treatments with five

replicates each' The tt'eatments consisted of a basal semi-purified diet supplemented with

either 0 (deficient) or 3 (control) mg/kg vitarnin B6 as pliidoxi¡e.HCl. The se'ri-pur.ified

basal diet was formulated to meet or exceed the requilemerfs for-5-10 kg pigs (NRC,

1998). The cornposition of the basal diet includecl 40jrs%corn starch,20.5yo,.vitamin

free" test casein (90% clude protein), 20%olactose,5.So/ocorn oil, 3.5% cellulose

(Alplracel), 0.35% cystine (Sigma@), 9%o nineral prernix and,lYovitarnin prernix.

Details of the diet were preserfed in Chapter 4.

Pigs were pair-fed to avoid the confounding effects of anorexia associated with B6

deficiency, and the coresponding pertulbations in the intalce of nutrients associated with

sulphul amino acid metabolisrn such as, folate, vitamin B¡2 and methionine. A¡imals

wele staggered to start diet treatment by pairs. Diets were rnixed with water (3 parts of

diet vs. one paft of water). Feed intake was lecorded daily and body weiglits were

collected at a weeldv interval.

Based on our plevious study using the same plotocol (Chapter 4), the begi¡¡ing

of the foulth week aftel dietary treatment was chosen for the staft of the isotopic tracer

inftision, on the basis of changes in plasma and hepatic PLp and homocysteine

concentt'ations as well as hepatic CBS, CGL, and SHMT activities clue to vita¡ri¡ B6

t1l
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depletion' Therefore, a recovery surgery for each animal was canied out to i'sert jugular

and femoral venous catheters one week prior to isotope inftision, essentially as described

in cliapter' 6' After being fasted overnight, pigs were pr.e-medicated at the dose of 0.3

mllkg with the mixture of ketamine and xylazine (10:1) and administeled cro'yxi' (1

mLl45kg) and Excenel (1nL/17kg) intramuscularly. A.nesthesia was i'itiate d, with2.5%

isoflurane in oxygen. catheters (silastic@ Labolatory Tubing) with size of 0.030

mnrx0'065mm and 0'025 rnmx0.047Inm were inseftecl into jugulal and femoral veins,

respectively' catheters were subcutaneously tunneled and secured to the incisions.

Antibiotic cream (PolysporinrM) was applied to all incisions. Respiration rate, heart rate,

percent of oxygen saturatiotl, and body tempelattre were rnonitored duri'g surgery.

Together with applying antibiotic cream to incisions, intramusc,lar injections of Excenel

were pelfoflned daily for thlee days post-surgery. Body temper.atur.e measurement and

catheter flushing with rreparinized sarine were conducted daily.

7 .3.2 Stable isotope labered tracers and infusio' protocor

Tlre isotope tLacers, L-[2,3,3-D3] ser.ine and L-[3-r3c] cysteine, v¡el.e purchasecl

fi'om camblidge Isotope Labolatolies, Inc (50 Frontage Road, Aldover, MA,01gr0,

usA).

L-[3-l3c] cysteine was used to detelmine the plasma flux or the imeversible loss

rate of cysteine in vivo. L-f23,3-D3] serine was chosen to measure transsulphuration

kinetics directly because L-12,3,3-D3] serine (m+3) goes to the transsulphur.atiol pathway

to give rise to deuterium labeled cysteine (m+3) (FigLrre 4). Basecl on a pilot study

(chapter'6), the constant infusion doses for.L-[3-r3c] cysteine and.L-12,3,.3_D3] serine
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were defined as 7.5 and 90 pmol/(kg'h), respectively. The prirned inf'siors had the

same doses as those in constant inftision, respectively. on the moming of each infusion

day' 180 mL of sterile tracer solution was made individually for each pig based on body

weight, inflision rate and target infusion dose. Tracers were dissolved in sterile saline,

f,rltered and transferred to a sterile bottle.

on each infusion day, two pair-fed pigs as per the order of receiving dietary

treatments were used for isotope infusion. After collecting baseline bloocl samples, a

prinring dose of 7.5 pmoukg t-¡:-r3c1 cysreine and 90 prmol/kg L-12,3,3-D3l ser.ine in a
portion of 20 mL inftlsate was administeled via femoral vein cathetel. A constant

inftision was followed for 6 hours using the same cathetel. The flow rate of the infusate

was kept as 20 mLlbusing inñlsion purnps aftel calibration. At each hour.ly sarnpli'g

time' 8 mL of blood sample was drawn using a heparinized syr.inge through jugular vein

catheter and transfeffed into an EDTA coated vacuurn tube hourly. pigs were kept on

pair-feeding during infusion and had fi'ee access to water. At the e'd of the sixth hour of
infusion, animals were saclifìced using Euthanyl tluough jugular. vein catlieter

imrnediately following the final blood sarnpling period. Livers were harvested

inrmediately, weighed and collected into liquid nitrogen.

7 .3.3 Processing of harvested blood samples

Following plasma collection, half of the plasma from baseline and infusio'

periods was stored at -80oc. The remaining fi'esh plasma was tleated accordi'g to the

following procedure: To each portion of 1 rnl plain plasm a,200 ¡-rL of 100 rnM DTT and

20 pL of 5 niM nor'-leucine (i'0.1 N HCI) were added a'd incubated at room
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temperature for 30 rnin. Following incubation, 1500 pL of acetone was aclded to

deploteinize the plasrna. The supelnatant was halvested after centrifuge and aclded 100

pLL of the above DTT. The processed sarnples were stoled at -80oC until analyzed.

7 .3.4 Metabolite analyses

Plasrna PLP was measured using a comrnercial radioenzyrnatic assay (Vitarnin B6

PLP 3H-REA, ALPCO). Plasma and hepatic total hornocysteine and cysteine

concetfrations were analyzed according to the reverse phase-HPLC rnethod of Araki and

Sako (1987), with modifications as suggested by Gilfix et al., (1997).

7.3.5 Hepatic enzyme activity analysis

Hepatic apo and total CBS activities were determined using radioisotopic

teclnriques with rnodifications (Mudd et al., 1965; Taok a et al., 199s). Hepatic CGL

activity was quantified by spectlophotometric assay (Stipanuk, I 979). Hepatic SHMT

was analyzed by a binding assay using radioactive isotope L-[4C(U)]-Serine (Geller and

Kotb, 1989; Lewis, et al., 1998). Protein concentration fol tissue homogenate was

deteunined using a Bicinchoninic Acid Protein Assay Reagent kit (Pierce, Ploduct No.

2322s).

7.3.6 Measurement of isotopic emichments

7.3.6.1 Instrument and rnethod

Emichment tneasuretnent of isotopically labeled arnino acids was conducted by

LC-MS/MS as referenced to Rafii et al (2007). Tire equiprnent used for measruing

emichment \,vas a benchtop triple quadrupole mass spectrometel APl 4000 (Applied

Biosystems/MDs Sciex, Fostel City, CA, USA). This instlument was run in positive

ionization mode with the TurbolonSplay ionization plobe source. The instrument was
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coupled to an Agilent 1100 HPLC system (Agilent Teclurologies, palo Alto, cA, uSA).

Analyst NT software (versiott 1'4.r) was utilized to control system operation and. data

acquisition' Maxirnum sensitivity for target compounds including serine, cysteine,

glycine, methionine and cystathionine, was obtained by measuring product ions (m'ltiple

reaction rnonitoring IMRM]) fro*r the fragmentatio'of the protonated [M + H]+

molec,le in a positive io' mode. The maximum intensity of the [M + H]* precuïsor

(parent) ions (rdz 104 fol setine, nlz 120 for cystein e, m/z 221 for cystathio'i ne, nlz 74

for glycine, trlz 748 fol methionine) was achieved by optimizi'g tlie declustering and

entrance potentials. By adjusting the collision energy potential a¡cl the collision exit

potential, tlie signal for the rnost abundant ploduct (daughter) ions (m/z 63 for serine, nr./z

77 for cysteine, ntlz 134 for cystathionine, n/z 31 for glycin e, mlz 62 foynethio'ine)

was optimized' Nitlogen was served as the collision gas at a pressure of 5 .0x I g-3mbar.

The system was ntnning with an isocratic gradient. The flow phase used was aqueous

30%o methariol/O.1% formic acid rumin gat250¡-Ll/rnin. A'waters Symrnetry cs column

(3.5 ¡-u', 2.1x100 mrn, waters canada, Mississauga, oN, canada) was used for

separatiotl' The injection volume was 3 ¡,1L. Precision/accuracy of the LC-MS/MS assay,

quantitative recovelies of the methocl and reproducibility of calibr.ation curves wele also

testecl to meet anal¡ical requirements.

7 .3.6.2 Sarnple preparation

Plasma was incubated with 500 mM DTT solution for 15 minutes. Then 300 prl

of a 5:3 mixture of 0.r% formic acid and O.)2s%trifluoroacetic acid in water/methanol

was added to plecipitate protein. After 5 minutes at room temper.ature, the mixture lvas

centlifuged for 5 minutes at 13,000 g. The cleal supernatant was transferued to auto
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sampler vials. Liver samples were homo genizedwith ice-cold de-ionized water (l gram

liver vs' 4 mL water). After centrifuging at i0,000 g for 30 minutes, the clear supematant

was taken for analysis.

7 .3 .7 Kinetic calculations

Enrichment (tracer/tlacee ratio) was obtained by subtracting the baseline

enrichment fi'om the collected samples after isotope tracer infusion. Plateau eluichments

were determined by the average of three consecutive time points with less tha¡ 5% of

c o effrcient vari ation.

The calculation of metabolic kinetics was based on those of Liu et al. (2000). The

plasma irreversible loss rates (ILR; prnol-i(kg'h)) of serine and cysteine were calculated

r-rsing the formula:

'Where MPEi is the enlichment of the infusate and MPEs is the plateau enr.ichment of the

amino acids in plasma. Plateau emichments \Ã/ere defined as the average of tliree

consecutive tirne points of emichmerfs with coefficient of valiation value no more than

5yo. "I" stancls fol the rate of isotope infusion (90 and 7.5 pmoL/(kg.h) for serine and

cysteine, respectively). Transsulphuration rate (TS), the arnount of mass transfered fi-om

serine to cysteine, was calculated as

TS=ILRcys xMPEcys (m+3)/l\{PEs er(m+3)

Where ilRcys is the ILR of cysteine, MPEser(m+3) is the plasma plateau enrichment of

12,3,3-$f serine, MPEcys(rn+3) is the plasrna plateau enrichment of [2,3,3-d3l cysteine

derived fi'om [2,3,3-d3] seline. To account for the impact of high dose of serine infusio¡,

¡¡P=[(MPEi/MPEs)-t] xI,
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con'ected TS was calculatecl by rnultiplying a cofactor of Qserine/(eserine+90) (Clar{<e

and Bier, 1982).

7 .3.8 Statistics

The mixed model was applie d to analyze the palarneters with repeated

obselvatiotls including growth performance and inclicators from plasma samples (Littell

et al., 1996; V/ang and Goonewardene, 2004). The diet effect and interaction effect

between diet and week were partitioned in the rnodel. PROC GLM was used for tissue

sarnple data including hepatic CBS, CGL and SHMT. A RCB desig¡ was applied i' the

model. Alimals wele treated as block. Diet and block effects were partitio'ed in the

model.
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7.4 RESULTS

7.4.1 Growth performance and biochemical indices

consistent with the data frorn chapter 4, vitaminB6 deficie¡cy had no effect on

average daily feed intake (ADFI) due to the pair-feeding prorocol (F>0.05). Average

daily gai'(ADG) was not cha'ged within 3 weeks after depretion (p >0.05). Feed

conveLsion efficiency (FCE) was reduce dby 23%on the thir.d week after depletion

(P<0'05), but not cha'ged on the first two weeks by vitamin 86 deficiency (p >0.05)

(Table 10).
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Table 10 Effect of vitarrin 86 defîciency on growth per.forma¡ce i¡ piglets

(Manuscript IV)

Week

r 292+27b 335+334 03206 265t30. 311130 0.2g98 0.899+0.035. 0.856+0.035" 0.39X

+Ba -86 P value +Bo -86 p value +Bo _86 p value

ADFI (g/d)

2 451+27^ 402+33^ 0.2105 341t30 307 _30 0.4291 0.75510.03 5b 0.6g2+0.035b 0.2149

3 359+27b 316+33b 0.3283 283t30 230+30 0.2282 0.785r0.03sb 0.6s6t0.035b 0.0168

ADG (g/d)

\91e:t)Dataarepres'ented^asleastsquareInealr*starrdard"'
difference of main effect of diet. P values < 0.05 are considered sigriificant.3) The saìne shoulcler
letters in each columll nlean non-significant (p>0.05).

t19
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At the end of the thild week of depletion, plasrna and hepatic PLp concentr.ations

were reduced by 80% (32.5 vs. 6.3'nmol/L) and76%o (8.8 vs. 2.1 rnnollg) due to dietar.y

vitamin 86 depletion (P<0.001) (Table I1,12). As a result of vitamin B6 deficiency,

plasnra and hepatic homocysteine concentrations wele incleased by 172% and,59%

lespectively (P<0.05), while hepatic and plasma cysteine concentrations were not

changed (P>0.05) (Table lI,l2). Both apo and total isozymes of CBS, CGL and SHMT

were significantly decreased by dietaly vitamin B6 treatment (P<0.05). The apo-enzyme

activities of CBS, CGL and SHMT in B6 deficient pigs were lowered,by 40yo,63%o, and,

38ol0, r'espectively (Table 13).
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PLP (nmol/L) Homocystei'e (punol/L) cysteine (pLrnol/L)

Weelc
+B-6 -8-6 p value +8-6 -8-6 p value +8-6 -8_6 p value

Tnble 11 Effect of vitamin B6 deficiency on plasrna PLP, homocysteine, and cysteine

concentrations in piglets (Manuscr.ipt IV)

0 35.2+4.4 37.4+3.6o 0.7024 24.8+r.gu 27.9t2.1 0.3r68 1g4.4+6.5u tg0.2t:..7 0.0825

3 32.5+4.4 6.3+0.3b 0.0003 11.5+i.9r' 31.3t1.9 <0.0001 160.9r6.5b 153.1110.1 0.5365

Note:1)DataarepresentedasleastSquarelneatr*standarderror.'2)puM
difference of main effect of diet. P values < 0.05 are considered sigrrificant. 3) The same shoulder
letters in each column mean non-significant (Þ0.05).

t2l
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Table 12 Effect of vitamin B6 defîciency or1 hepatic PLP, hornocysteine ancl cysteine

concentrations in piglets (Manuscript IV)

Hepatic PLP (nmol/g)

+B-6 -B-6 SEM P value +8-6 -B.6 SEM P value +B-6 -B-6 SEM P value

8.84 z.tt 0.51 I 0.0007 121.1 192.8 14.90 0.0270

Note: 1) P values are derived froni difference of nrain effect of diet. P values < 0.05 are

considered siguificant.

Hepatic homocysteine (prmol/L) Hepatic cysteine (pmol/L)

r22

1192 1493 93.1 0.0850
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Table 13 Effect of vitamiu B6 def,rciency orl hepatic enzynatic activities in piglets

(Manuscript IV)

Enzyme

CBS (nmol.lninlmgprotein) Apo-enzyme 2.58210.155 1.558t0.155 0.0096

Total-enzyme 2.3571:0.082 1.733t0.082 0.0059

CGL (nrnol/min/mg protein) Apo-enzyme 1 .765t0.076 0.647X0.076 0.0005

Total-enzyrne 1.939t0.091 I .402t0.091 0.0138

SHMT (nmol/rnin/rng protein) Apo-enzyrne 0.84410.03 6 0.52010.036 0.0031

Total-enzyme 1.31910.06 6 L 059t0.066 0.0495

Note: 1) P values are derived fì'om difference of main effect of diet. P values < 0.05 are

considered signifi cant.

+B_6 _B_6 pvalue
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7 .4.2 Kinetic measu.ements

7.4.2.1 Plasma serine enrichrnents and flux

As shown in Figure 5, serine (m+3) eruiclunent (tracerltracee ratio) platea¡ in

plasma was reached starting from the first hour of infusion and maintained until the e'd

of inftision. The plasma serine (m+3) plateau enrichment (atoms o/o excess) was

significa'tly increased by B6 deficiency (r2.02 vs. 16.29,MSE 0.55) (p<0.01).

Accordingly, serine flux (prmol lkglh) was decreased by vitarnin B6 deficielcy (655.g5 vs.

463'93,M5826.77) (p<0.01) (Table i4). I'this exper.imenr serine (m+1) was detected

as well, which, however, was not affected by vitarnin 86 deficiency (p:0.336g) (Table

14).

7.4.2.2 Hepatic serine (m+3) eru.ichment

Though low, hepatic seline (rn+3) eru.ichment was increased by vitarnin B6

deficiency (P<0.05) (Table l4).
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Figure 5 Time course of serine (rn+3) e*icrrment i'pigrets
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Table 14 Impact of vitarnin B6 deficiency on sedne lcinetics in piglets (Manuscript IV)

Kinetic parameters

Sedne (m+3) plateau enriclmerf (atoms % excess) 12.02 16.29 0.55 0.0057

Seline (m+1) plateau enrichment (atoms % excess) I.373 1.I34 0.155 0.3368

Seline flux in plasma (pmol/kg/h)

Hepatic serine (m+3) eruichment (atoms o/o excess) 0.2295 0.3886 0.0316 0.0237

Note: 1) P values are derived frorn difference of rnain effect of diet. P values < 0.05 are

considered sign ifi cant.

+B-6 -B-6

655.85 463.93 26.77 0.0071

SE Pvalue
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7.4.2.3 Plasma cysteine emichment and flux

As shown in Figure 6, cysteine (m+1) plateau eruichmeff in plasma was reached

at the end of the fourth hour and maintained until the end of infusion. Vitamin B6

deficiency signifrcantly incleased plasma plateau cysteine (ni+1) emichment (P<0.05)

and decreased cysteine flux (¡rrnol/kg/h) (119.80t3.6i vs. 97.84X3.61prmollkg/h)

(P<0.05) (Table 15). In this experiment cysteine (rn+3) was not detected in either plasma

or liver samples.
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Figure 6 Time cornse of cysteine (rn+1) enrichment i'piglets
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Table 15 hnpact of vitamin B6 def,rciency on cysteine kinetics in piglet (Manuscript IV)

Kinetic parameter

Plasma cysteine(m+ 1 ) plateau enrichrnent (ato

Hepatic cysteine (rn+l) eruichment (atoms %o excess) 2.32 2.36 0.30 0.g935

Cysteine flux in plasma (prnol/kg/h)

Note: 1) P valLres are derived fronl differenc

cousidered signifi cant.

+B-6 -B-6 SE p value

i 19.80 97.84 3.61 0.0126
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7.4.2.4 Tlansfer of label fi.om ser-ine

As seen in Table i6, glycine (m+1) eruichment was increased by vitamin B6 deficie¡cy

(P<0.05). However, methionine Qn+l) eruichment was not affected by vitamin 86

deficiency (P:0. 28 8 5).
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Table 16 hnpact of vitarnin B6 deficiency oll plasma glycine (rn+l) a¡cl methionine

(m+1) emichrnents (Manuscript IV)

Emichment

Glycine (m+1) eruichment (atoms % excess)

Methionine (m+1) enrichment (atoms % excess)

Note: 1) P values are derived from diffel.e

considerecl signifi cant.

+B-6

1.88210.159

0.653!0.t29

131

-B-6

2346t0.159

0.867t0.10s

P value

0.018s

0.288s
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In this stLrdy ADFI and ADG were not significantly different between the controi

and vitamin B6 def,rciency groups, which is consistent with our previous observations.

However' feed efficiency in this experirnerf was reduced by Be deficielcy at the e'd of
the third week after B6 depletion, which is one week earliel than that in our previous

studies (Chapter 4). This might be due to a shorter adaptation period used i' the current

study, as compared to those used previously (3 vs. 11 days). The pigs i¡ the cunent trial

were youllger than those in our previous study (Chapter 4). Consequently, it rnight have

taken longer for the older pigs to deplete vitarnin 86 stores in the body as evidenced i'
plasma PLP at the end of the third week in this experiment (6.3 pLM), which was between

8.5 a'd 14.3 pLM for the same age in the previous study (crrapter 4).

The obselved significant decreases in hepatic apo-enzymes (without aclditiol of

exogenous PLP to the incubation media) of CBS, CGL and SHMT by Be depletion in this

study (P<0.01) are in agreement with observations in other-models (Srnolin a'd

Benevenga, 1984; Lima et aL,2006), but not in rats (Martinez et al., 2000). Hepatic CBS

and CGL activities in B6 depleted piglets were reduced by 91 o/o and,55olo, respectively, in

our plevious study (Chapter 4) as compaled to controls at the end of 6 weeks of depletion.

In tlre current experiment, holever, liepatic CBS and CGL was reduced by 40% and 63%o,

respectively, which implies that CGL is more sensitive to B6 depletion, which is i'
agreement with studies in which milcl to moderate B6 defìciencies were developed (park

and Linkswrlet,Ig6g; Lima et a|.,2006). Therefore, the degree of irnpair.rnent of each

aspect of sulphur amino acid metabolism rnay differ due to the degree of vitarnin 86

deficiency.

.7.5 DISCUSSION
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As discussed in Chapter 4 using the same vitamin B6 deficiency pt'otocol, the

reduced enzymatic activities of CBS, CGL and SHMT by Bo depletion resultecl in the

inhibition of transsulphuration or remethylation. Conseqtientiy, increases in hepatic

(P<0.05) and plasma (P<0.001) homocysteine conceutrations by Bo depletion in this

experirnent were observed, which was consistent with our previous studies and other

reports as well (Smolin eta1.,1983;MartinezetaI.,2000; Scheer etaL,2005), but not the

human study in which homocysteine was not changed by mild vitarnin B6 deficiency

(Davis et al., 2005). However, no significant irnpact of B6 depletion on hepatic and

plasma cysteine concentlations at the end of the third week after depletion were detected

(P>0.05), which is not in agleement with significant decrease in cysteine concentratious

in Chapter'4. Looking at plasma biochernical indices in Chapter 4, we found that there

was a periocl of time between the second and the third week after Ba depletion in which

homocysteine (23.9-336.5 pM) and cysteine (183.3-97.5 pM) concentrations changed

sharply upon plasma PLP concentration between 6.0 and 8.5 nM. in this case the end of

the third week aftel depletion protocol rnight be on the metabolic status that the point

leading to significant cysteine reduction and large magnitude of hon-rocysteine incïease

due to Bo deficiency was just rnissed. Plasma PLP concentration of 6.3 nM is also in

coincidence between 6.0 and 8.5 nM in which biochemical indices sharply changed in

Cliapter'4.

The significance of this study lies in the kinetic measurements of serine and

cysteine using isotope dilution technique, wliich allow us to have a better undelstanding

of serine ancl cysteine availability and endogenous supply of cysteine in vivo in the

whole-body level undel nutritional regulation of vitamin Ba. In particular, endogenous

1aa
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cysteine synthesis has been attracting the atterfion of researchers because cysteine serves

as a substrate for the synthesis of glutathione and taurine, the compounds irnportant in

defending against oxidative stress (Meister and Anderson, 1983; Wright et al., 1986).

Serine syntliesis is important because of its role in intermediary metabolism as a substtate

in tlie synthesis of glucose via pyruvate, protein, phosphatidylserine, cystathioline, and

neuromodulators (de Koning et al., 2003). In addition, among the methyl gr.oups of

glycine, salcosiue, dirnethylglycine, histidine, formate, and serine used by methionine

syrfhase to convert hornocysteine to methionine, the tliree calbon of sedne has been

shown to be the primary donor of one-carbon units for hornocysteine lemethylation

(Appling, 1991; Cooke, 200I; Davis eta1.,2004). Therefore, the infolrnation with

respect to serine lcinetics is imporlant in evaluating sulphur amino acicl rnetabolism under

the physiological status of Bo deficiency.

As shown in Figure 5, plasma d3-serine (m+3) plateau enrichment in B6 deficient

pigs was higher than that in control pigs (P<0.01). This implies that the infused serine

tracer was less diluted in vivo in Ba deficient pigs than that in control pigs. As a result,

set'ine flux, a kinetic measure of serine tumover rate in the whole body, was reduced by

29o/o in B6 deflrcient pigs in comparison with control (655t27 vs. 463+21 ¡-unol/kg/h,

P<0.01). The decreased serine flux also indicates that the supply of serine fol

transsulphulation, remethylation and 1-C metabolism is reduced rvhen there is deficiency

of vitarnin 86 in the body. At the same time, sedne flux in contlol (655t27 pmol/kg/h)

was nruch higher than that determinecl in the pilot study (204 pmoLlkglh). This is

because tlie infusion rate of serine in the cunent study was 1.5 tirnes of that in the pilot

study. Liu et al. (2000) repolted that serine flux in the treatment of serine inftrsion (10
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grams of serine per day) was significantly higher than that in conttol with saline infusion

only (P<0.001), which is consistent with the results in this study.

Under steady state, serine flux or tutn-over is equal to the disappealance of serine,

which includes the following components: 1) usage for cystathionine via CBS; 2) usage

for glycine synthesis via SHMT; 3) usage for pyruvate via serine dehydratase; 4) usage

for hydroxyl pyruvate via seline aminotransferase (SPT/AGT); and 5) usage for body

protein (Figure 7). Serine is rnainly degraded by B6-dependent enzymes (Park and

Linkswiler, l97I). All of the f,rrst four components mentioned above require PLP as co-

factors (Ishikawa et al.,1996; Nelson and Cox, 2000). A kinetic study demonstrates that

whole body protein turnovel is reduced by Bo deficiency as eviclenced by greater isotopic

enlichment of [2H3]leucine in rats depleted of dietary vitamin B6 (Martin ez et a1.,2000).

Applying this to the current study, serine usage for body plotein should be lowered

accordingly. Therefore, the decrease in each component above corfributes to the

obselved reduction in serine flux under the circumstance of vitarnin 86 deficiency. The

increase in plasma serine Qn+3) enrichrnent and decrease in serine flux caused by vitamin

B6 def,rciency in this study are in agreement with a report in rats (Martinez et al., 2000),

but not a study with healthy adults in which serine eruichment and flux were not changed

by Bo deficiency (Davis et a1.,2005). Additionally, an isotope dilution study by Davis et

al. slrows that when there was mild Bo deficiency (plasma PLP 55 and.22.6 runol/L for

baseline and 86 restricted subjects) in healthy young women and rnen, plasma PLP and. in

vin"o lymphocyte SHMT were decreased, but plasma hornocysteine ald serine

concentrations, seline isotopic eruichment and flux were not affected by Be deficiency

(Davis, eT a1.,2005). The plotocol in this study did not address remethylation kinetics.
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Therefore, information regarding changes in 812, BHMT clependent and total

Iemethylation by B6 deficiency in a piglet rnodel will continue to be an important

research question, despite the fact that only a very small fracti on (2.g%) of the serine flux

is nsed fol remethylation (Davis et al., 2004).
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Figure 7 Free serine pool turnover
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In this experiment, seline (m+1) eruichment was detected, which accounted for

llYo andTo/o of sedne (m+3) eruichnent in control and B6 deficient pigs, respectively

(Table 14). Gregoly et al. (2000) also repoúed serine (m+1) in humans infused with L-

12,3,3-zE3fserine. Serine (m+1) is the result of folate-dependent one carbon metabolism.

In tlre meanwhile, enzylne-catalyzed reactions producing isotope exchange may also lead

to tlre production of sedne Qn+1) and serine (n+2) (Baggott, 200I). Serine (rn+2) was

not analyzed in the cu'rent experiment. The detection of serine (m+l) emichment

clemonstrates the loss of label frorn serine (m+3), which is one of the reasons that

pleverrted us from detecting labeling of cysteine fi.om ser.ine (m+3).

An irnportant finding in this expedment is that a regression equation between

serine Qn+3) emichments in plasma (x) and liveL (y) was established (Figure 8) as

'y=0'0242x-0.0337 (P:0.0260). The slope value of 0.0242, which served as a coruection

factor for intracellulal dilution, tells us that only 2%o of inftised serine (m+3) fi-om plasma

was ieft in liver, which indicates a great intracellular dilution in the model. The

coefficient obtained in this experiment is even lower (0.02 vs. 0.16) than that frorn a

previous pig study using radioactive isotope tracer f-t'Hl serine in our labor.ator.y (Ludke,

2004) but similar to the pilot study using the same isotope model. In a human study by

Davis et al. (2004), a value of 0.4 was used as coeff,rcient to account for intlacellular

dilution. However, the authors were not able to detect labeling of cysteine frorn infusecl

seline (Davis et al., 2004). The large rnagnitude of intracellulal dilution rnight be one of

the leasons that preverrted us fi'om detecting cysteine labeling rnetabolically derived from

infused serine as discussed below.
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Figure I Relationship between plasma serine (rn+3) eruichment and liver sedne

(nr+3) eruichment in pigs infused L-12,3,3-d4lseline and L-[3-r3C]cysteine
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documented (Park and Linkswiler, 1969; Srnolin and Benevenga,I9S2; Lima etal.,

2006). The rate of cysteine turnover and the extent of homocysteine consumption for

cysteine tururover have not been quantified in a pig model deficient of vitamin Ba. The

pr.eserÍ experiment, to our knowledge, is the first study to provide in vivo cysteine

lcinetics using isotope dilution technique in a pig rnodei deficient of vitamin Be . Cysteine

flux, as deterrni¡ed from plasma, for control and B6 deficient pigs was quantified to be

I 19.80 and,9l .84 prnol/kg/h, respectively (P<0.05). Cysteine flux in other models

ranges 20-176 prnol/kg/h (Hiranratsu ef al,1994; Fukagawa et al',1996,1998; Raguso

et al., 1997,2000; Liu et a\,2000; Malmezat et al., 2000; Davis et al., 2006). Cysteine

flux was decreased by vitarnin Bo deficiency in this study. Howevet, cysteine flux along

with plasrna homocysteine concentlations in healthy yormg men and women were not

significantly affected by rniid vitamin Ba lestliction(26.1vs. 26.5 pniol/kg/h) (Þ0.05)

(Davis et a1., 2006). When looking at fi'ee cysteine pool, cysteine turnover or'flux is rate

of appearance of cysteine, which consists of cysteine from glutathione, bocly protein

bleakdowl, intake of diets, and endogenous synthesis frorn homocysteine and serine

through the transsulphulation pathway (Figure 9). In this case, endogenous production of

cysteine tluough transsulphuration as reflectecl fi'om transsulphulation late, should not be

higher in B6 deficierf pigs as the inhibition of transsulphuratiotl, with lespect to

enzyrnatic activities, was obsetved. The intakes of ciietaly cysteine were similar

according to the pair-feeding protocol. Origin of body protein breakdown in B6 def,rcient

pigs night be lower than that in control pigs as discussed above (Martinez et al., 2000).

Sonr.ce of cystei¡e frorn glutathione should not be increased in the case of Ba defìciency,

The inhibition of transsulphuration by vitamin B6 deficiency has been
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a conclition similar to oxidative stress under which glutathione production from cysteine

is erilranced (Moshalov et al., 2000; Lirna et a1.,2006). Thelefole, the clecreased cysteine

turn over miglit be attributed to body protein breakdown, glutathione conversion or

transsulphruation rate.

Unlike serine that shows large intracellular dilution, hepatic cysteine (m+1)

enriclrment accounted for 39Yo and33Yo of those in plasma, respectively. This indicates

that cysteine can serve as a good tracer for kinetic measurernent.
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Figure 9 Flee cysteine pool tumover
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In this experiment detelmination of transsulphuration rate r-elies on Íleasurements

of cysteine flux, serine (m+3) enrichnent, and cysteine (m+3) enrichment derived frorn

seline (ni+3)' However, cysteine (m+3) was not detectable in this trial, which makes

transsulphulation late (TS) determination infeasible. Using the same isotopic 
'rodel 

of

L-12,3,3-gl serine L-[3-'3c] cysteine, TS in contr.ol sheep of 27 kgbody weight was

determined to be 5.0 ¡-Lmol/kg/h (Liu et al., 2000). Using r3c-tracer tecli'ique with dual

labelecl L-[2H3-methyl-t-l3C] rnethionine, TS was determined to be in the range of

2'1-9.4 ¡'Lmol/kg/h in httmans depencling on the pþsiological or nutritional states ancl age

oftlresubjects(Youngetal., 1991;Hir-arnatsuet a1.,7994;Fukagawa etal.,1996;

Raguso et al., 1997,2000; Jahoor eÍ. aL,2006) and.26 prnol/kg/h in piglets (Rieclijk et al.,

2007). However, TS detennination using the isotopic model with deuteriuni la6eled

serine in humans was not achieved in the studies by Gregory group because of that

production of lr3Clcysteine frorn infused [3-l3C]serine was not detected, which is in

agreement with the cuuent study (Davis eta1.,2004,2005,2006).

The inclilect method using double-labeled methionine measures the rate of

methionine oxidation to CO2, which rnight bling in ovelestimatiol fro6 prod,ctio' of

''CO, derived fiom sequestration of S-adenosyh-nethionine for polyapri¡e synthesis. So it

is the consideration of overestimating TS fi'om using the i¡di¡ect rnodel that drove us to

explore the dilect modle fol TS measrement. In this experimerf the failure of detecting

cysteine Qn+3) metabolically derivecl from serine (m+3) rnight be, for one thing, due to

great intraceculial dilution of inftised seline as mentioned above. Tra¡ssulphuration

takes place rnainly in the liver. The tracers were infused in tlie blood first and then

intloduced to liver via the circulatory system. In this experiment, seLiue (ni+3) platea¡
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emichment in plasrna was reached during the f,rrst hour of infusion anci maintained until

the end of inftision. At the same tirne, plasma serine (m+3) plateau emichment levels

obselved in this study were already fairly high (12-16%) in comparison with other kinetic

stndies. I{owever, only very little arnount of serine (rn+3) (APE: 0.2-0.4%) was left in the

liver due to the very large intr'acellular dilution as reflected fi'om the slope value in the

regression equation between enlichrnents in plasma and liver. For another thing, despite

of the great intracellular dilution of serine (m+3), glycine (m+1) and rnethionine (m+1)

eruichments were detected instead. This cliallenged us to consider why serine (m+3) was

utilized for one-carbon metabolisq other than cysteine synthesis. Tliis could be due to

the fact that one-carbon metabolism is widely compartmentalized in both cytosolic and

mitochondlial pools (Glegory et al., 2000). Transsulphuration, instead, is mainly

compartmentalized in mitochondlial. Therefole, tlie infused serine (m+3) can serve as a

substrate for formation of glycine and rnethionine directly. However, to go to

transsulphuration pathway, the infused serine has to shuttle tluougli cytosol to

mitochondlia. In addition, the feeding state duling infusion rnight be also a factor that

prevented us fi'om detecting cysteine (m+3). As a result of vitamin 86 deficiency, feed

intake was much lower than that in regular comrnercial pigs at the same age. Because

pigs wele pair'-fed duling infusion as well, feed intalces for both contlol and Ba deficient

pigs wele low, which provided only 1.5 times of maintenance metabolizable energy.

Plotein intake was low accordingly. This condition favols rernethylation rather than

transsulplruration (Stipanuk and Benevenga,I9TT; Finkelstein et al., 1986; Storch et al.,

1990) due to low ploduction of S-adenosylmethionine, an activatol of transsulphuration

pathway (Firikelstein, 1990). Because TS was not able to be determined, the impact of
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vitamin Ba def,rciency ol1 the rate of endogenous synthesis of cyste ine in vívo in pigs

canlot be deterrnined in this study.

In this study the deuterium labeled hydrogen fiorn infused ser-ine can be

transferred to produce labeled other cornpounds. 'When 
L-12,3,3-gl labeled serine and

unlabelecl THF are cafalyzedby SHMT, the deuterirun atom at the second carbon of

serine is left in the calbon siceleton to produce [2H¡]glycine. ¡2H21labeled one carbon urit

is transferred to THF to give rise to 5,1O-CD2-TI{F. The latter is then used to produce

f2H2]methionine' In the meanwhile, deuterium labeled serine can also go to

mitochondlion to undelgo a series of metabolisrn to give rise to [2H¡]for.mate. The

produced [2H1]folrnate can be shuttled baclc to cytosol to pass its singly labeled one

calbon unit to methionine (Gregoly et al., 2000). Therefore, the triple labeled serine can

transfer its labeling to have single deuterium labelecl [2H¡]glycine, single deuterium

labelecl [2H¡]rnethionine and doubl.e cleuterium labeled [2H2]metliionine tluough a ser.ies

of one-calbon unit rnetabolism.

As illustrated in Figure 1, PLP dependent SHMT catalyzesreversible transfel of

one-calbon units between THF and 5,10-CHz-THF. In this experiment, glycile (gr+1)

entichment converted fi'om serine Qn+3) was higher in pigs deficient of vitamin B6 than

that in control due to the interconveftable enzyme leaction. Tliis implies that the tur'

over of glycine via SHMT rnight be reduced by vitamin B6 deficiency based on reciprocal

relationship between flux and en¡ichment. Thelefore, vitamin B6 defìcie'cy rnight have a

down-legulation of one carbon unit supply. To our knowledge, this is the first repoft

showing the irnpact of vitarnin B6 status or1 one-carbon unit metabolisrn in a pig model.

Since one-carbon units ale requiled for lemethylation, the r-educed vitamin B6 status
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might finally resuit in lower methionine formation tluough remethylation pathway.

However, we did not detect statistical difference in methionine (rn+1) enricllnent, a

parameter reflecting a porlion of remethylation (Þ0.05).

In summary, in addition to le-confirmation of the perturbation role of vitami¡ B6

defìciency in the static measrues of sulphur amino acid metabolism incl¿ding enzymatic

activies and thiol concentrations, vitamin B6 defrciency resulted in decreased cysteine and

serine turn over rates and 1-C rnetabolism as shown in the incteased enrichments. i.e. the

kinetics of sulphur amino acids and 1-C metabolisms were compromised as a result of

vitamin B6 deficiency in pigs.
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The objective of this study was to investigate the impact of vitamin 86 deficiency

on tt'anssulphuration in terms of both static measurement of biochemical indices in

sulphur amino acid metabolism and kinetic m.easurement of transsulphuration in a pig

rnodel. The role that vitarnin B6 deficiency plays in sulphur amino acid and I -C

metabolism has been well documented (Smolin and Benevenga,1982,1984; Smolin et al.,

1983; Martinez et al., 2000; Scheer et al., 2005; Davis et a1.,2005,2006; Lima et al.,

2006). However, the reported results lack consistency. In particular, most of reports

mentioned above did not ernploy a pair-feeding protocol, which creates an expelimental

environment fol a net comparison between control and B6 deficiency. So the observed

biochernical indices might be confounded by the intake of folate, vitarnin 812, or

methionine induced as a result of loss of appetite fi'om B6 deficiency treatment. This

might be one of the reasons to explain the contraclictoly observations. Furthelmore,

species-specific inforrnation on changes in enzymatic activities by vitarnin Bo status in a

pig model was not available until the culrent stucly. Wliile it is irnportant to understand

the qualitative effects of vitarnin B6 deficiency with respect to the perturbation of sulphur

amino acid rnetabolism, it is clucial that we have quantitative latowledge on the degree to

which transsulphuration is affected by vitarnin 86 deficiency. To clate, limited

CHAPTER EIGHT

GENER.AL DISCUSSION
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information regarding kinetic meaSulements in vitamin B6 defrciency exists. As such, the

curLent study provides a static pictule of biochernical indices including metabolites and
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enzymes in sulphur amino acid metabolism in piglets subjected to dietaly vitamin B6

depletion and graded levels of vitamin B6 repletion. Additionally, the isotope dilution

study nsing L-[3-t3C] cysteine andL-12,3,3-d3] serine provided clitical information as per

the net impact of vitarnin 86 deficiency ol1 transsulphuratiott in pigs.

8.1 Response of growth to depletion/repletion

In this study, consistent leductions in growth and feed efficiency by vitarnin 86

deficiency were obselved in both Chapters 4 and 5. Unlike most traditional animal

experiments where glowth was a result of a response to feed intake, feed intake between

corrti'ol and Bo deficiency gronps in this study was the same due to the irnplementation of

a pair-feeding design for the pulpose of avoiding confounding effects of nutrierf irfake

on biochemical indices. It follows that the metabolic effects of vitarnin B6 deficiency

rathel than feed intake caused the decline in glowth pelformance based on the central

role of vitamin Bo in intermediary metabolism including amino acids, one-calbon units,

lipids, glucose and neurotlansmitter biosynthesis (Mackey et a1.,2006). Feed intake in

vitamin B6 deficient pigs did drop with the progression of vitarnin 86 depletion.

Consequently, feed intake in corrti'ol pigs was not enough to maintain normal growth

cuïve as a result of pair-feeding protocol. However, a study in which piglets were fed

diets based on cofilmercial ingredients, supplementatiou of graded levels of pyridoxine

hydlochloride at 0, 10, 50, and 100 rng/kg, r'espectively showed no difference in growth

performance (Matte et al.,2005). Tliis implies that commelcial feed ingredients cotrtain

enough vitamin Bo to meet the lequirement fol the potential of glowth. As such, the

semi-pulified diet used in this study selved as an excellent tool to obtain a pig model

deficient of vitamin Be . The observation in Cliapter' 5 that average daily gain at a
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repletion level of 0.75 mg/kg pyridoxine'Hcl on weelç 1 repletion was lower.than the

highest repletion level of 3 mglkg (P<0.05) while there were no d.ifferences between the

medium-high (1.5-3 mg/kg) repletion levels (P>0.05) plovides evidence that vitamin B6

intalce at the repletion level of 0.75 mg/kg was still limiting growth, even though feed

intake was not different.

8.2 Sensitive indicators to vitamin 86 status

Plasma PLP concentration is the most commonly used dilect measure of vitarnin

B6 statr"rs. To our knowledge, the cument study provides the first temporal

cha,racteization of changes in B6 staturs in response to depletion and subsequent lepletion,

as measured by plasma PLP, in pigs. Decrease in plasma PLP concentration by vitarnin

86 deficiency in pigs is consistent with the repofts in other models (Marti¡ez et a1.,2000;

Davis et al., 2005; Scheer et al., 2005). Tlie stlength of the current study lies in temporal

chancteúzation of not only plasma PLP but also additional biochernical measures

including plasma homocysteine, cysteine, and other amino acid concentrations, in

response to B6 deficiency in the pig.

Accumulation of homocysteine and leduction in cysteine by vitamin 86

cleficiency were observed in Chapters 4 and 5, consistent with tlie litelature (Srnolin ancl

Benevenga, 1982,1984;srnolin et al., 1983; Martinez et al., 2000). However, severe

hyperhornocysteinemia (greater than 300 ¡-rM) in B6 depleted animals was observed

stalting fi'om week 3 in Chapter 4 and week 4 in Chapter 5, respectively, which was not

cousistent with Chapter 7 where homocysteine was only 3l pLM. This could be due to

that the abrupt shift in thiol concentrations was missed in chapter 7.
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Homocysteine and cysteine are well documented to be sensitive to vitamin B6

deficiency (Smolin and Benevenga,1982,1984; Srnolin et al., 1983; Martinez et al.,

2000). However, little is larown concerning the response of homocysteine and cysteine

to graded levels of vitamin 86 repletion. Tlie pattem of changes for both total

homocysteine and cysteine rnirrored the tempolal and dose-dependent responses

observed for plasma PLP. Nonlinear regression analysis showed that the data set

between plasma PLP and hornocysteine fits an inverse first oldel equation HCY:-

37.2963+1387.22121PLP (P<0,0001; R2:0.7163). This means rhar when vitarnin B6

status reverses back to norntal, hyperhomocysteinmia will disappear consequently.

8.3 Difference in enzyme activity response to depletion/repletion

The data for enzyme activities of CBS, CGL and SHMT in this study is a

validation fol the co-factol role of vitarnin B6 as evidenced the decreased and increased

activities upon depletion ancl lepletion, respectively. These obselvations ale also

consistent with the limited literature in rats (Smolin and Benevenga,lgS|;Lima et al.,

2006). However, we found that in comparison with CBS activity, CGL activity was less

sensitive to vitamin B6 depletion but rnore lesponsive to B6 repletion. This is because

CGL has lower affinity than CBS and SHMT for PLP, which means tliat it takes ionger

time fol CGL to loose PLP and to cornbine PLP.

8.4 Kinetic measures assist in defining the role of B6 deficiency in the regulation of

transsulphuration

The novelty of this study lies in the kinetic rneasurements of serine and cysteine

using isotope dilution technique, which allowed ns to have a bettel understanding of

set'ine and cysteine availability in vivo at the whole-body level under nutritional

150



1s1

regulation of vitamin Be. The preserf experimetf, to our knowledge, is the f,rlst study to

provide in vivo cysteine kinetics using isotope dilution technique in a pig rnodel deficient

of vita¡rin 86. Cysteine flux was decleased by vitamin B6 depletion in this study, which

is not in agr.eement with the measurement in humans (Davis ef a1.,2006). The very low

slope value intl're regression equation between plasma and livel serine (m+3)

eru-ichments indicates the existence of very large intracellular dilution of infused serine

traceï, which ftirther disclosures paft of reasons why we were not able to determine

transsulphuration rate using the direct stable isotope rnodel. Furlhermore, together with

reduced sedne flux, the increased labeling transfer from serine to glycine implies that 1-C

ulits supply might be down regulated by vitamin 86 deficiency. The detection of one-

carbon unit transfer other than cysteine production from infused serine could be due to

the cellulal compaúmentation of different metabolisms'
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1) Vitamin B6 deficiency reduced weight gain and feed efficiency through its

metabolic role

Due to the application of pair-feeding plotocol, the observed reduction of weight

gain by clietary vitamin B6 depletion confirms the adverse rnetabolic role of low vitarnin

B6 status in the de novo synthesis of protein and lipid.

CONCLUSIONS

2) Plasma PLP concentrations were responsive to dietary implementation of

vitamin B6 depletion and repletion

Plasma PLP concentrations in pigs consuming vitamin B6 def,rcient diets wele

lower than controls throughout 6-week depletion period reaching a nadir of l4Yo of the

control animals' value by trial's end. Dose-dependent response of plasma PLP

concentration to vitamin B6 repletion was observed throughout 2-weelc repletion. As the

repletion dose increased, repletion rate increasecl and the days reachi ngglYoof plateau

PLP clecreased.

3) Vitamin 86 deficiency perturbed sulphur amino acid metabolism

153

Both apo and total hepatic CBS, CGL activities were reduced at the end of week 4

and weelc 6. Plasrna homocysteine increased and cysteine, by contrast, decreased as a

result of dietary vitarnin 86 depletion. Decrease in cysteine flux was resulted fi'orn

vitamin B6 deficiency as well.

4) The responses of plasma PLP and homocysteine concentrations to graded

levels of vitamin B6 repletion shed light on increasing vitamin B6 requirement

by 50% in 10-20 kg pigs
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Plasma PLP concentrations increased as lepletion close increased. At day 14

repletion, plasma PLP concentrations at the two higher repletion levels (2.Z1mglkg and

3.00 mg /kg) resumed to pre-clepletior-r levels, which were statistically sarle. At the same

tine, plasma PLP concentrations fi'om the two lower repletion levels (0.75 rng/kg ancl

1.50 mg/kg) were still lower than those in highel repletion levels. Plasma homocysteine

concentr.ations demonstrated similar pattern to PLP. Based on the response of these two

parameters to the repletion levels, 2.25 nglkgwas the optimrul repletion dose, which

was 150% of cu¡rent NRC (1998) lequirernent for vitamin B6 in term of pyridoxine

hydrochloride.

5) Vitamin Bc deficiency lowered one carbon unit supply in the whole body

Decrease i1serine flux by vitamin B6 deficiency was observed together with

lecluced enzymatic activities of SHMT in one carbon metabolism. The increased glycine

(m+1) eruichment delivered the message that glycine flux through SHMT reaction was

reclucecl as well.

6) Large intracellular dilution of serine was found in a pig model

Using stable isotope L-12,3,3-fulseline, a slope value of 2% was derived fi'om the

regression eqnation between plasria serine (m+3) eruichrnent and liver serine (m+3)

enrichment in pigs. This indicates that 98% of the infused tlacer was lost in the liver witli

only 2o/o left intracellularlY.
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1) Kinetic measurements of transsulphuration using dual labelled methionine in

a pig model defÏcient of vitamin 86

From th.e current study we'discovered that there was a huge intracellular dilution

of inftised serine (rn+3), which plevented us fi'om detecting the label of cysteine Qn+3)

rnetabolically derived from serine (m+3). Transsulphulation rate was consequently, not

available. However, kinetic measules of transsulphuration in vitamin Be deficient pigs

play significant role in exploring the nutritional regulation of transsulphuration via

vitamin B6 def,rciency. In the meanwhile, the model using dual labeled methionine has

been extensively reported to be able to determine transsulphnration rate though this

model is supposed to bring in the ovelestimation of transsulphuration rate. In case of the

diffrcglty in derrnining transsulphuration late using the direct rnodel in pigs, the dual

labeled indilect model would be a necessary tool to quantify transsulphulation rate in

pigs def,rcient of vitarnin Bo.

2\ One-carbon unit metabolism in a pig model deficient of vitamin B6

Vitamin 86 serves as a cofactor for SHMT, which functions in 1-C metabolism to

shuttle one carùon gnits between glycine and serine. The results fi'orn this study show that

upon vitamil B6 deficiency, SHMT activity decreased, plasma seriue concentration

increasecl, whole body serine flux clecreased and glycine enrichment increased. While 1-

C metabolism is not the prirnary focus in this study, the prelimary results shed liglit on

the changes in 1-C metabolism by vitamin Bo deficiency. 1-C metabolism has been

confir.med to be compartmented in both rnitochondrial and cytosol. In addition, the

FUTURE RESEARCH
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separate serine flux through the folate cycle and transsulphuration, respectively, together

with glycine flux would be definitely an asset in understanding 1-C rnetabolism in pigs

deficient of vitamin 86. All of the above perspectives call fol particular studies to

investigate 1-C metabolism in vitamin B6 deficient pigs.

3) Impact of vitamin 86 deficiency on protein kinetics

Vitarnin B6 serves as a cofactol for over 100 enzymes, especially those involved

in amino acid rnetabolisrn. In the cuurent study, we observed decleased weight gain in

vitamin Bo def,rcient pigs, which is attributed to the negative effect of vitamin B6

deficiency on protein metabolism. Kinetic studies ernploying isotopically labelled leucine

in a pig model deficient of vitamin B6 would provide important knowledge for us to

understand changes in whole body protein metabolism when vitamin B6 status is low.

This will be definitely important to human clinics and animal production.

4) Examination of key enzymes in the transsulphuration pathway at molecular

level in pigs subjected to vitamin B6 deficiency

Enzyrne activity is a critical parameter to juclge the impact of vitamin Bo

deficielcy on ttanssulphuration. The activities of enzymes in the transsulphuration

pathway have been examined to be lower in the vitamin B6 deficient pigs in this study' In

addition to the biochemical measuremerf of enzyrne activity, the delmination of enzyrne

protein levels at molecular level would furthel provide a systematic picture of tlie impact

of vitamil Bo deficiency olt tlanssulphuration. One thing that needs to be mentioned is

that thele is difficulty in the availability of antiboclies to CBS and CGL in pigs as most of

the mar-keted ploducts are developed for rats and humans at the time of conducting this

study.

rs6



5) Regulation of transsulphuration by glutathione

Glutathione is a majol antioxidant in tissue. It is reported that redox regulation of

the tlanssulphuration pathway occurs at the level of CBS (Banerjee and,2ou,2005) and

that flux through cBs was increased under oxidizing conditions (e.g., H2o2 or.t-

butylhydropeloxide). So tlie irnpact of glutathione on metabolites and enzymes as well as

kinetics in the transsulphuration pathway in vitamin B6 deficient pigs will provide critical

knowledge to hurnan clinical and appied animal nutrition studies.
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APPENDIX I

Effect of vitarnin B6 def,rciency orl plasma amino acid concentrations in piglets subjected

to 6 weeks dietary vitamin B6 depletion

Amino acid Week

Seline
(pmol/L)

Glycine
(pmol/L)

169. 10+19.5 8b

280.8 8117.5 1a

118.57+17.51b

1946.92!300.40^

2529.67+300.40fl

13 19.4113 35.86r'

117.2r+r2.76b

r28.85tt2.76b

10.73+r2.76u

+Bo

Methionine
(pmol/L)

186

160.95+15.99b

273.78+15.99^

t78.73Lr5.ggb

1364.95X265.73

1506.43+385.61

723.69l.64.68

115.61-.25.40

261.67t59.06

173.58!71.42

--86

Note: 1) Data are preseuted as least square rnean * standard error.2) P values are derived from

difference of tnain effect of diet. P values < 0.05 are considered significant. 3) The same shoulder

letters within a column for each amino acicl rnean non-significant (P>0.05).

P value

0.7495

0.7670

0.0175

0.167s

0.0602

0.1 075

0.9565

0.0869

0.246r

i86



Estimates of plasma PLP concentration and repletion rate by Richards equation

PLPr

t-

PLPsor

APPENDIX II

0.75 rng/kg

14.1 r 3.01 20.3 + 1.61

0.2r t0.044 0.41 r 0.056

PLPris PLP concentration at final repletion tirne;

fr is lepletion rate;

1.5 mg/kg

t4.t

PLPgor is repletion tirne requirecl for reaching 90o/o of plateau PLP concention.

187

2.25 mglkg

10.4

29.213.55 25.8 f 1.19

0.36 r 0.048 0.12 t 0.090

3 mg/kg

t2.7 6.2

t87



Impact of graded level of vitamin B6 repletion on plasma PLP concentr.ation in vitamin

B6 depleted pigs
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APPENDIX NI

Average plasma PLP concentrations
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