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Kinetic basisof hyperhomocysteinemiain patients with chronic renal
fajiure. We investigatedthe eliminationof totalhomocysteine(tHcy) from
plasmaafter peroralhomocysteine(Hcy) loading in eight patientswith
chronicrenalfallure.Dataon bioavailabilityanddistributionvolumewere
obtainedfrom two patientsandtwo healthycontrolsby performingboth
intravenousandperoralHcy loading.Responseto high-dosefolie acidwas
studied in six cases.Mean(sD) basalplasmatHcy was 27.4 (11.0) ~M at
inelusion.Thehalf-life andtheareaunderthecurvewereaboutfour times
higher, and clearancewas reduced to 29.8% comparedto controls.
High-dosefolic acidhadno influenceon half-life for tHcy, but the basal
tHcy level declined by 26.8%. The reduetionin tHcy was particularly
pronouncedin threepatientswith 10w-normalserumfolate, and the
enhancedmethionmeresponseto Hcy loadingafter folie acidsuggested
improvedHcyremethylationin tissues.In conelusion,patientswith renal
fajiure had markedly reducedclearanceof tHcy from plasma,which
probablyaccountsfor their hyperhomocysteinemia.High-dosefolic acid
reduces fasting tHcy by impraving tissue Hcy remetbylationwithout
affeetingthelow renalclearanceof tHcy.

A largenumberof elinical investigations[1—4],including three
studieswith aprospeetivedesign[2—4],demonstratethatelevated
levelsof thesulphuraminoaeidhomocysteine(Hcy) in plasmais
astrongandindependentriskfactorfor cardiovaseulardisease.In
addition to genetiedefects ar polymorphisms involving Hcy-
metabolizingenzymes,severalacquiredconditions anddisease
statescauseelevatedtotal homocysteine(tHcy), that is, hyperho-
mocysteinemia.TherelationbetweentHcy andfolate andcobal-
aminstatushasbeenstudiedin greatdetail [5], andtHcy hasbeen
shownto beanearlyandsensitivemarkerof impairedfunctionof
thesetwo vitamins [6]. Ihe hyperhomocysteinemiain folate or
cobalamindeficienciescan be explainedby impairedfunetionof
the enzyme methionine synthase (5-methyltetrahydrofolate-
homocysteinemethyltransferase,EC 2.1.1.13), which requires
5-methyltetrahydrofolateas methyldonorand cobalaminas co-
faetorin areactionwhereHcy is remethylatedto methianine[7].
PlasmatHcyis alsoinereasedin renalfailure andis eloselyrelated
to serumereatinine[8], but themechanismbehindthis relation-
ship is debated.Largeamauntsof Heyis formedin conjunction
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with ereatine/ereatininesynthesis[9], andrecentdatasuggestthat
glomerularflitration rate (GFR) is a strongdeterminantof the
plasmatllcy level [10]. Notably,urinaryHcyexcretionis normally
not a rauteaf Hcy disposal,since only 0.25 jimol/hr of Hcy is
excretedunehangedin theurine [11], indicating that more than
99% of filtered Hcy is subjectedta tubular reabsorption[12]. A
recentstudyin therat suggeststhatsubstantialmetabolismof Hcy
maytakeplacein thekidney [13].

The hyperhomocysteinemiain folate/cobalamindeficiencyas
well as in renalfailure is asteadystateconditioncharacterizedby
eitherincreasednettransportof Hcyfrom tissueto plasmaand/or
decreasedHcy elimination fram the central compartment.We
recentlydeterminedthehalf-life (11/2) for tHcy in folate and
cobalamin-deficientsubjectsafter peroral ingestionof Hcy [12],
andobservedthat it wasequalto that faund in healthysubjeets
[14]. Ihis observatiantogetlier with in vitro experimentswith
cultured celis [15] suggestthat theelevationof tHcy in folate!
cobalamindeficiencyis relatedto inereasednetHcy effiux fram
tissuesto plasma.

In the presentstudy, we used the Hcy loading test [14] to
determinethe kineties of tHcy in patientswith chronic renal
failure. Ihe investigationwasperfarmedbeforeandaftersupple-
mentationwith high-dosefolic acid, which significantly reduces
fasting tHcy in mostpatientsevenin theabsenceof overt folate
deficiency[16, 17]. This studyshowsthat theincreasedtHcy levd
in renal failure probablyis dueto a markedreduetionof tHcy
clearanceframplasma,andthatclearanceis not enhaneedby folie
acid.

METHODS

Subjects

Eight patients,threefemalesandfive males,with amean±SD

ageaf51 ±12 years,with chronicrenalfailure (mean±5D serum
ereatinine477 ~ 113 /.LM) were recruitedfram theNephrological
Outpatient Clinic at HaukelandUniversity Hospital, Bergen,
Norway. Mean±SD GFRestimatedframserumereatinine,age,
sexandbody wt [18, 19] was18 ±6 ml!min. Patientcharacteristics
are shownin Tables1 and2.

As controls, we usedhistorical data [14] and ane additional
healthymale subject,aged26 years,who receiveda peroraland
intravenausHcy bad.

All individualshadgiventheir written informedconsentto the
study,which hadapprovalby the ethicalcommitteeof Western
Norway.
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Table 1. Characteristicsof patientsbeforefirst andsecondhomocysteincloading

Patient Sex

Age

years

Weight

kg

MTHFR

genatype

Hemoglobin

g/liter

First Second

Creatinine

First Second

GFR

mi/min

First Second

5-cobalamin

pM

First Second

8-folate

oM

First Second

E-folate

nM

First Second
Graupia

i
2

F
F

63
57

83
57

CC
CI

133 136
129 130

359
552

395
454

22 20
9 11

373 407
668 638

11.9 11.3
6.7 8.5

801 746
432 442

GraupII
3
4
5
6
7
8

F
F
F
F
F
F

43
62
52
46
55
27

102
82
71
75
75
73

Ti’
CC
fl’
fl’
CI
TI’

117 121
88 100

113 106
100 119
101 96
139 118

582
418
625
344
556
376

663
551
623
327
626
436

21
19
10
25
14
23

MeangraupII
5D

110 110
18 11

484
119

538
131

19
6

18 592 626 5.2 45.0 738 966
14 457 421 12.5 45.0 752 2361
11 417 332 14.7 45.0 718 2012
27 200 268 7.5 43.5 481 1760
13 498 609 13.7 45.0 654 1064
20 499 448 4.7 35.3 634 1495

17 444 451 9.7 43.1 663 1610
6 133 144 4.4 3.9 101 543

Abbreviationsare: MTHFR, mcthylenetetrahydrofolatereductase;GFR,glomerularflltration rate;CC, CT andfl’ referto normal homozygous,
mutantheterozygousandmutanthomozygousgenotype,respectively;S-cobalamin~serumcobalamin;S-folate,serunifalate;E-folate,erythrocytefolate.

aGraupI consistsof two patientsundergoinganeperoralandaneintravenoushomocysteineloadin andgroupÆLcomprisi~spatientsxeceivingtwo
peroralloadings,anebeforeandaneafterhigh-dosefolic acid supplementation.

Protocol

PlasmatHcykineticsandfolic acid supplementation.Thepartie-
ipanis had a light breakfastane ta twa hoursbefore the Hcy
loading. Six subjectsreceived two peraral Hcy loadings (65
J.Lmol/kgbodywt). Thesecandbadwasperformedafter at least
10 days (range 10 to 47 days) of folie acidsupplementation(5
mglday). Assessmentof bioavailability anddistribution volume
(Vd) wasperformedin two patientswith chronicrenalfa’ilure and
in two healthycontrols.Theywere first subjectedto aneperoral
bad, andafter aboutthreeweeks,theyreceivedan intravenaus
bad by injecting the sameHcy dose:65 ~umo1Ikgin thecontrols
and32.5~mol/kg in therenalpatients.Thelower dosein thetwa
patientswaschosento avoid prolongedexposureto high tHcy
levels.

TheHcysalutionwaspreparedimmediatelybefareadministra-
tion [14], andwasswallowedarinjectedin lessthantwo minutes.
For at least two haurs after the administration, the person
refrainedfram intakeaffoodbut wasallowedto drinkwaterand
applecider.

Blood and urine colleetions. Before administrationaf I4cy, a
bloodsamplewascollectedfor thedeterminationof hemoglobin,
the C677T mutation in the methylenetetrahydrofolatereductase
(MT]4FR) gene,andserum/plasmalevels of creatinine,folate,
cabalamin, tHcy, free Hcy (fHcy), total cysteine (tCys), and
methionine(Tables1 and2). A total of 13 blaodsampleswere
rautinelycollected,that is, 0.25,0.5, 1, 1.5, 2, 3, 4, 6, 8, 12 and24,
48 and72 haursaftertheadministrationof Hcy.After intravenaus
injectian, more frequentsamplingwasdoneduring the first 0.5
haurs.During thefirst 8 to 12haurs,blaodsampleswerecollected
througha 1.7 mm cannulainsertedinto a cubital vein. Later,
bloodsampleswereabtainedby venauspuneture.In all patients,
urinewascollectedin fractionsfor 24 haurs.

Laboratory procedures

Whole blaod was drawn into evacuatedtubes without an
additive(for preparafionof serum)ar cantainingEDTA as the
anticaagulant(for preparationof plasma). Blaod cantaining
EDTA wasimmediately transferredta 1.5 ml vials, which were

centrifugedat 13,000>< gfor 0.5 minutes.This pracedurealbowed
separationof theplasmafractionframthebbaodceliswithin three
minutes.Onemilliliter of plasmawasinmiediately deproteinized
by adding100 ~il of 2 M sulfosalisylieacid,mixedandcentrifuged,
andthe acidsupernatantcollected.PlasmaandIhe acidsuperna-
tantwerestoredat —200Cuntil analysesof total andfree plasma
aminalhiolsandmethionine.Whole blaodwithout additiveswas
allowedto coagulatefor 0.5 to 1 hauratraomtemperature.Ihen,
the tubeswerecentrifugedat 1,000 X g for 10 minutes,andthe
serumfraetiontransferredto staragevials.

TheconcentrationsaftHcy andtCysin untreatedplasma,fHcy
in acid-precipitatedplasmaandHcy in urineweredeterminedby
amodification [20] of an automatedpraceduredevebopedfor the
determinationof tHcy [21]. Thebetween-daycoefficientof van-
ation wasabaut3%. Plasmamethioninewasdeterminedwith an
assaybasedon denivatizationwith o-phthaldialdehydeandfiuo-
rescencedeteetjon[22]. Serumcabalaminwasdeterminedwith a
microparticleenzymeintninsiefactarassayrun on anIMx system
fram Abbott (Abbott Park, IL, USA), and serumfolate was
assayedusingtheQuantaphasefolateradioassayproducedby Bio
Rad (Hercules,CA, USA). The procedurefor deteetionof the
C677Tmutatianin themethylenetetrahydrofolatereductasegene
wasbasedon PCRamplification,restrictioneleavageandsepara-
tion of theDNA fragmcntsby capiflary electropharesis~23I.

Kiuetic parameters

Kinetic parameterswerecalculatedfram the increasein tflcy
aftenHcy administration,usingthepartsafiheplasmacurveswith
essentiallynainterferencefram thebasaltHcy level.Two proce-
dureswereusedfor thedeterminationof thekineticconstants.(1)
Theeliminationrateconstantwasobtainedby linearregressianof
the terminal, linear part of the bog-transformedconeentration
versustime curve. Becauseof different kineticsin renalpatients
versushealthysubjectsJ143,this wasin thetime intervalbetween
threehaursand24 haursfor thepatientsandbetweentwo haurs
andsix haurs for thehealthycontrols. The kinetic parameters
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Table 2. Plasmaandurinaly levelsof homocysteinc,cysteineandmethianinebefonefirst andsccondhomocysteineloading

Plasma

UrinaryHcy
p.mol/hr

Metbionine
tHcy p.M fHcy pM fHcy/tHcy tCysp.M J.LA’I

Patient First Second First Sccond First Second First Second First Sccond First Secand

Groupia
i 23.5 22.2 6.4 5.9 0.27 0.27 350.2 331.2 27.2 26.7
2 50.2 46.9 14.5 14.3 0.29 0.30 316.5 342.8 15.8 18.7

0.4 0.6
4.8 3.5

GraupII
3 27.7 17.2 7.8 4.9 0.28 0.28 334.6 334.8 31.1 39.4
4 20.7 20.8 5.9 5.5 0.28 0.27 377.1 323.7 39.0 32.3
5 24.6 26.0 6.4 7.1 0.26 0.27 424.3 468.7 25.7 18.4
6 35.6 15.2 9.4 3.4 0.26 0.22 320.5 245.6 27.9 20.3
7 22.2 18.3 6.9 5.7 0.31 0.31 391.1 409.2 26.8 22.3
8 14.7 9.0 3.9 2.4 0.27 0.27 227.9 266.6 28.6 15.7

2.6 1.1
0.7 1.4
0.8 0.6
0.5 0.4
2.2 5.0
1.7 0.7

MeangraupII 24.3 17.8 6.7 4.8 0.28 0.27 345.9 341.5 29.9 24.7
5D 7.1 5.7 1.8 1.7 0.02 0.03 69.1 84.8 4.8 9.2

1.4 1.5
0.9 1.7

Abbreviationsare: tHcy, total homacysteinc;fHcy, free homocysteine;tCys,total cysteine;Hcy, homocysteine.
a GraupI is two patientsundengoinganepenonalandaneintravenoushomacysteineloading,andgraupII compniscspatientsneceivingtwo peranal

loadings,anebeforeandaneaftenhigh-dosefolic acid supplementation.

werecalculatedusingKaleidaGraph~”,versjon2.1.3 for Macintosh
(SynergySaftware,Reading,PA, USA). (2) The time caursefor
tHcy wasalso analyzedby theprogramPCNONLIN version4.0
(Statistical ConsultantsInc., Lexington, KY, USA) basedon the
Akaike’s information eritenian [24] for the bestcurve fit. T112
obtainedby thesetwo methodsdifferedby lessthan 10% in mast
patients.

The eliminationof tHcy aftenpenoralloading obeysfirst orden
kineticsandis cansistentwith aane-compartment,openpharma-
cokineticmodel. T112wasobtainedby theequations[25]:

-ktC= C~e (Eq. 1)

= lsi2/k

wheneC is theplasmacaneentrationattime t,C~ theextrapolated
plasmacancentratianat t = 0, andk the rate constantof the
elimination.

AUC0.>,. is the area under the plasmaconcentnatian-time
cunve framzeroto infinite time measuredby thetrapezoidalrule
[26]. BecauseplasmatHcy returnedto basallevel in mostpatients
within 72 haurs,AUCO.72hrwastakenas identicalto AUCO>~O.

In thesubjectshaving aneintravenausandane peronalHcy
loading,we alsocaleulatedbioavailability,F, distnibutionvolume,
Vd, andclearance,Cl [25]:

F = AUCIX/AUCW

CI = F D4AUC~]

whereD is the doseof Hcy.
Vdwascalculatedby theareametliod,whichprovidesthemast

conreetestimateaftenan intravenausinjeetion [27]:

Vd = F D/[k AU~] = 01k

Assumingthatthekineticsaneindependentof plasmaconcen-
tration [14], we can detenminethe rate of Hcy infiux into the
plasmacompartment(R0) fram the equation:

= R0/CI

where ~ nefensta the steadystate (basal) coneentratianof
plasmatHcy.

Statistical methods

Theresultsanegivenas meanandso on range.Comparisonof
paireddatawerepenformedusingthe Wilcoxon signedranktest,
andunpainedvaluesusingtheMann-WhitneyU-test.

RESULTS

Patient characteristics

Thepatientcharactenisticsandvaniousbiochemicalpanametens

(Eq. 2) ane listed in Tables 1 and 2. All renal fallure patients had
mankedlyelevatedsenumcreatinine(> 325 ~.LM), andGFRwas
neduced.Ihe levelsof serumfolate,serumcobalaminandplasma
methianinewere normal, whereasplasmatHcy was elevated
(mean±si) to 27.4±11.0 p.rvi. Themean±5D plasmafHcywas
7.7 ± 3.2 ~M, which is abaut twice the level faund in normal
cantrols[28], andflie plasmatCys was342.8±59.4~1vt, whichis
higherthanin 329 healthy contrals(281.9 ±33.8 ~LM) randomly
seleetedfram theHordalandHomacysteineStudy [29].

Bioavailability, Vd and clearance

Interpretatianof tHcy valuesduning fasting and aften Hcy

(Eq.3) loading in renalfailune patientsrequiresdataon bioavailability
and Vd of Hcy. Iherefore, we performedbatli a penoraland

~ 4) intravenausHcy bad in two renal patientsandcomparedthe
resultswith two healthycontrols. The peroral andintravenaus
plasmatHcy curvesfor thesefaur subjectsanedepictedin Figure
1, andthekinetic parametersanesummarizedin Table3. Inde-
pendentafthenauteof administnation,AUC(conrectedfor dose)
was high and the T112 was langer (abaut 4-fald) in the renal

(F.q.5) patientsthanin the healthysubjects.Natably,bioavailability(0.64
and0.88)andVd (0.42and0.45 liter/kg)in twapatientswith renal
failure were similar to these parametersin healthy subjects
(bioavailability = 0.70 and0.53; Vd = 0.42 and0.35 liter/kg).
Basedon thesevalues(Table 3), meanplasmatHcy clearances

(Eq.6) werecalculated(equation4) ta 104ml/min in thecontrolsand31
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Fig. 1. Biøavailability at peroraJhomocystei»e
detenmined frons plasmatHcy curvesaften
penonal (0) aud intravenaus (@) homocysteine
Ioading of twa healthy controls (A, B) aud two
patleuts with nenal fallune (C, D). Theprogram
PCNONLINwasuscd for curvefitting. Ihe
areaunder theplasmaconcentrationcurves
aftenpenoral(AUC~O) andintravenaus
administnationof homocysteine(AUCiV) were
calculatedby thc trapezoidalrule, andthe
bioavailability, F, was determinedas thc ratjo
AUC~JAUC~~.The homocysteinedosewas65

0 12 24 36 48 0 12 24 36 48 ~tmolIkg in the healthy controlswheneasthe
dosewasreducedto 32.5 ~rmol/kgin the renal

Time (h) patients.

Table 3. Kinctics of plasmatotalhomocysteineas determinedby peroralandintravenaushomocysteineloadingain two patientsandtwo controls

Subject

Cm= ~i.M T hr

ma,c

AUCO
4Shr T112 hr

p.o. i.v. Bioavailability

Vd

liter/kg

Clearance

mi/minp.o. p.o. i.v.

Patient i
Paticnt2

45.0
51.1

2.0
2.0

800
1069

1247
1219

12.0
15.2

11.2
11.6

0.64
0.88

0.42
0.45

36
25

Control 1
Control 2

67.9
70.2

0.5
1.0

440
442

626
827

3.4
3.3

2.8
3.1

0.70
0.53

0.42
0.35

130
79

Abbreviationsane: Cm~, maximal increasein plasmatotal homocysteine(tHcy); ‘max, time to reachCr,,~x; AUCO4Shr; area under thc plasma
concentrationcurvefor tHcy in theinterval0 to 48 hours;T112, eliminationhalf-life for tHcy; Vd, distributionvolume;po., peroraladministration;iv.,
intravenausadministration.

Thehomocysteinedosewas32.5 ~mol/kgin thepatientsand65 ~molIkgin the controls.

ml/min in the two renalfailune patients;that is, a reductionto coneentration(C,nax), time to reachpeak concentration(Tm~),

29.8% of thevalue abservedin healthycontrols. T112 andAUC. AUC wasa measureof the systemieexpasureta

Hcy in theindividual.TheHcyloadingwaspenformedin six renal
patientsbefore and aften folic acid supplementation,and the
resultsaresummanizedin Table4. In patientsnot supplemented

The plasmacurves for tHcy aften peroral Hcy loading in with folic acid, T112 (mean±SD = 12.7 ±2.8 hr) andAUC
patientswith chronicrenalfalluneweredesenibedin termsof peak (2137±574 J.LM hr)wereabautfauntimeshigherthanin healthy

PlasmatHcy kineties before and aften folic acid
supplementation

498

A Control 1
F=0.70

140

120

100

80

60

40

20

0

100
æ
(0
caci,
0
c

G Patient 1
F=0.64

Patient 2
F=0.88

80

60 -

40 -

20 -

0-
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Table 4. Kinetics of total plasmahomocysteineaftenpenanalhomocysteineloadinga

Cm= ~rM Tmhr AUCO
7Zhr JÆM4sr 11/2 hr

Subject First Second First Second First Second First Second

Patients,graupII
3
4
5
6
7
8

134.7
102.2
134.2
96.7
98.1
64.9

131.0
95.9

134.0
78.9

102.7
50.1

1.0
2,0
1.5
3.0
2.0
2.0

1.5
2.0
2.0
2.0
0.5
3.0

2129
2317
2668
2715
1796
1197

1964
2355
3166
1949
1826
1021

11.6
13.0
11.1
18.1
12.3
10.3

13.9
12.6
13.7
16.7
12.3
12.8

Mean
5D

105.1
26.3

98.8
31.8

1.9
0.7

1.8
0.8

2137
574

2047
702

12.7
2.8

13.7
1.6

Histonicalcontralsb
Mean
5D

57.4
9.9

1.0
0.3

416
41

3.7
0.8

Abbreviationsane: Cm=, maximal increasein plasmatotal homocysteine(tHcy);
Tm~ time to reach Cm; AUCO

72hr, areaunder the plasma
coneentrationcurvefor tHcy fram0 to 72haurs;11/2, eliminationhalf-life for tHcy.

Thehomocysteinedosewas 65 ~.unol/kg.
b Dataane framreference14.

controls [14]. Aften supplementatian,mean fasting tHcy was
decreasedby 26.8% (fram mean± 5D of 24.3±7.1 ~M to 17.8 ±
5.7 ~<.LM,P = 0.22),but this tHcy responsewaslargelyconfinedto
thnee patientshomozygousfor the C677T mutation andwith
senumfalatein thelow normalrange(< 7.5 nM; Table1). Despite
aneductionin their basaltHcy andareducedCm~ in two autof
threesubjects,therewasno significantchangeofT112on AUC for
tHcy (Table 4).

Assuming that bioavailability is 0.6, the mean ± s0 tHcy
cleanancein thesix nenalpatientswas26 ±8 ml/min and28 ±12
mI/min before andaftenfolie acid, nespeetively,and 101 ± 15

ml/min in healthycontrols[14].

Uninary Hcy excretion

UninaryHcy excnetionwas1.4 ±0.9 ~mal/hr beforeand1.5 ±

1.7 ~mol/hr aften folic acid supplementation.Aften the first
penoral Hcy loading, the fractian of the Hcy dose excreted
unchangedinto theuninewas2.5 ±1.6%(mean±snil) duningthe
first 24 haurs,andthis wasessentiallyunchangedaftenfolie acid
supplementation.

Methionine response

We have previously faund that in healthy subjects, plasma
methionineinereaseswithin thefirst two haursby abaut10 ~M in

respanseta aperaralFIcy daseaf 65 ~ttmol/kg[14]. In cantrast,
folate/cobalamin—deficient subjects have a markedly neduced
plasmamethionineresponse[12]. In thneerenalfailune patients
with normal serumfolate, the methianinenesponsewas langer
(maximal inereasein plasmamethionineof 18.2, 19.6 and20.1
~.CM) thantheavenagenesponsein histanicalcontrols[14]. In three
nenalpatientswith serumfolate<7.5 mvi, we observedarelatively
small increasein post-badmethionine(maximal respanse,—4.3,
8.0 and8.2 J.LM), whichbecamemarkedlyincreasedaftenfolie acid
thenapy(Fig. 2).

DISCUSSION

We haveusedaHcy loadingtestto investigatethe kineticbasis
of hyperhomacysteinemiaconsistentlynepontedin patientswith
renalfailure [30—33].Notablefindingswerevaluesfor AUC and

T112thatwereabautfaur times higher(Table4) than thevalues
pneviously reportedfor healthycontrols [14] and patientswith
folate on cobalamindeficiency [12]. To estimatecleanance,we
requinedthedataon bioavailabiityandVd thatwereobtainedby
penonaland intravenausHcy loading in two patientsand two
controls.The smalldifferencein theseparametersbetweenrenal
patientsandhealthysubjects(< 20%) cannotexplain themark-
edly probongedT112 in renalpatients.Assumingthatbioavailabil-
ity is 0.6 andVd is similan for patientsandhealthysubjects,the
tHcyclearancewascaleulatedto be26 ±8 ml/min, whichis only
25.7%of thecleanancein healthycontrols(101 ±15 ml/min) [14].
This leadsta thekey messageof this repart: that impairednenal
functioncausesasubstantialineneasein T112for tHcy explainedby
areduetianin total body clearance.

ChronicelevatedtHcy repnesentsa steadystateconeentration
(C~~) explainedby eithenenhancedreleaseof Hcy framtissuesto
plasma and/ar decreasedtotal clearance.We havepreviously
demonstratedthat hyperhomocysteinemiain folate andcobal-
amindeficiencyis assaciatedwith normaltHcy clearance,andthat
theelevatedtHcy level prabablyis nelatedto increasednetHcy
influx into plasma,estimatedta abaut650 >imol/hr in anesubject
with cobalamindeficiency[12]. Using equation6, we detenmined
that theaveragenet influx (R0) af Hcy inta plasma(abaut55
~imol/hr) was the samein two healthy controls and the two
patientswith renal failure. Thesecalculationsdemonstratethat
themarkedlyreducedtHcy clearancein renalpatientsaceaunts
for theelevatedtHcy level.

The mechanismbehind the pranauneedreduetionof tHcy
clearancein nenal failure is conjeetunal.Renalfailure seemsto
havemarkedandcomplexeffeetson aminaaeidmetabolism,and
total elearanceof sameamino acidsaneinereasedwhile that af
othersane decneased[34], which has pantly been attnibutedta
alteredhepaticmetabolism[35]. However,thechangesin plasma
level on total clearanceof most amino acids in chronic renal
failure ane usually less than 35% [34, 35], and the marked
hyperhomacysteinemiaandreduetionin cleananceby 70% em-
phasizethe importanceof kidney functianfor Hcy homeostasis.

Theanly knowneffeetivetHcyreducingtherapyin subjectswith
renalfailure is peroralhigh dosesof folie acid, either aloneon in



500 Guttorrnsen et al: Homocysteineand renal function

120

100

ß
i-ET
1 w
66 698 m
72 698 l
S
BT


0
r

ci,ci,
ca
Ê
(2c

80

60

40

20

0

20

16

Ê
c

0
fl
ca
E
c
ca
Coca
22
0

A

12

8-

4

0-

0 0.5 i 1.5 2

Time (h)

cambinatian with vitamin B12 and B6 [16, 17, 36Ö38]. We con-
firmed that therewasareduetion in thetHcy level upon folie acid
supplementatian (Table 2), but the reductian was confined to
thnee renal patientswith low-nonmal serum folate. The increased
methionine response suggests impraved Hcy remethylation in
thesepatients. Natably, as in folate andcobalamin deficiency [12],
falic acid did not infiuence tllcy cleanance (Fig. 2).

We faund that in therenal patients thebasal uninary excnetian
af Hcy was 1.4 ~rmol/hr, which is substantially higher than in
healthy subjects (0.25 gmol/h) [11]. With a fHcy caneentratianaf

Fig. 2. Plasnsa tHcy cunves and methionine
nesponse aften penoral homocysteine loading
(65 pmol/kg) in six renal patients before (0)
and aften (S) folic acid suppleinentation for at
least 10 days. Upper panel shows the mean
inerease in plasma tHcy concentration with 50

given as bars, and the data points obeying first
orden kinetics ane replotted in a
semilogarithmic gnaph in the inset. Lower left
panel shows plasma methionine in three
patientswith low serum folate and whose basal
tHcy levels were mankedly reduced (Ö37.9%,
Ö38.8% and Ö57.3%) following folie acid
administnation. Lower night panel shows the
methionine response in threepatientswith
essentiallyno change (+1.0%, Ö17.5% and
+5.7%) in fasting tHcy aften foli9 acid. For
companison, the tHcy curve (A and inset) and
themethionine response (B and C) aften

0 0.5 1 1 .5 2 hamocysteine loading of 13 healthy histonical
control [14] ane given. These dataane depicted
as thin lines (mean) with a shaded anea (so).

abaut 3 /.LM [11], the normal kidneys filten abaut 20 p.mol/hr af
Hcy, indicating that anly 1% is excreted. The averageGFR in the
patientswas 19 ml/min (Table 1), andthefI{ cy level wasabaut 8
/LM, indicating that abaut 10 gmol/hr of Hcy will be filtened. This
suggeststhat abaut 85% of thefiltered Hcy is subjectedto tubular
reabsonption, compared to 99% under normal conditions [12].
Hawever, both in healthy subjects and in thepatients with renal
failure, theamaunt ofHcy excreted in the unine is aminor fraetian
(<3%) af the estimated supply af Hcy to plasma (55 j±mol/hr).

Re mechanism for hyperhomacysteinemia in renal failure is
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debatedin the literature [33, 391. A preliminaryreport suggests
that thereis minimal renalextractionof Hcy in humans[40]. In
contrast,Bostom et al [13] haveshownthat thereis asubstantial
netuptakeofHcy in thenormalrat kidrxey. Ourkinetic datashow
that tHcy clearanceis markedlyreducedin renalfajiure,andare
in Line with thedatareportedby Bostom et al [13] pointing to the
kidrxey as themajor site for elimination of Hcy from plasma.

Conclusion

We havedemonstratedthat chronicrenalfajiure is assoejated
with amarked(70%)reduetionof tHcy clearance,whichaccounts
for the hyperhomocysteinemiain thesepatients.Experimental
and kinetie evidenceshows that low clearanceis related to
impaireduptakeandmetabolismof Hcy in thekidney. If this is
thecase,our datasuggestthat the kidneysareresponsiblefor at
least70% of plasmatHcy clearanceunderphysiologicalcondi-
tions. Folic acidsupplementationis an effective meansto reduce
fasting tHcy in renal fajiure. However, folie acidenhaneesHcy
remethylationin tissues, therebylowering Hcy effiux into the
plasmacompartment,but doesnot affeet total body clearanceof
tHcy that remains10w jii renalpatients.
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APPENDIX

Abbreviations usedin this paperare:Hcy, homocysteine;tHcy, total
homocysteine;GFR, glomerular flitration rate; Vd, distribution volume;
fHcy,freehomocysteine;tCys,total cysteine;AUC, areaunderthe curve.
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