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Abstract — Hepaticy-cystathionase, a rate-limiting enzyme for the Bgais of L-cysteine from L-methionine in the trans-
sulphuration pathway, exhibits significantly higleetivity in the newly born infant as comparedhe fetus. The aim of this
work was: 1) To determine whether the increasgdpstathionase activity occurring in the fetal-®enatal transition is due
to up-regulation of its mRNA and protein, 2) To étlate the mechanisms responsible for this incr@agecystathionase
activity. Our results show that expressionyafystathionase at both the mRNA and protein levels higher in newborn
than in fetal liver.y-Cystathionase activity in fetal hepatocytes vitro increased when incubated with tert-butyl-
hydroperoxide at low concentration (0.01 mM). Henoederate oxidative stress would act as a signaiptregulatey-
cystathionase in the fetal to neonatal transiti8tress hormones, such as phenylephrine or glucaganincreaseq-
cystathionase activity in fetal hepatocytes. We atport a competitive inhibition of purifigdcystathionase by L-cysteine,
which would help to maintain physiological low Lstgine levels in hepatocytes. In conclusion, osults show that
increased hepatig-cystathionase activity in the fetal-to-neonatahsition is due to up-regulation of its gene exgims
mediated by stress hormones together with the plogital oxidative stress that occurs at birth.

Key words: Glutathione, L-cysteine, tert-butylhydroperoxig#enylephrine, glucagon, cAMP, oxidative stressalfto-
neonatal transition.

infants and rat pups exhibit higher hepaic
cystathionase activity than fetuses (2, 3).
However, premature infants have lower hepatic
y-cystathionase activity than term infants (2, 4,
Both, liver maturation and adaptive responsg) " |n fact, plasma L-cysteine as well as the
to extra-uterine life are considered essential fepetabolic flow through the trans-sulphuration
the metabolic changes occurring in the fetal-tgathway are significantly lower in premature
neonatal transition (1). The trans-sulphuratiofhfants than in full-term infants (5). In addition,
pathway is responsible for L-cysteine synthesigcystathionase also regulates the availability of
from L-methionine. One of its rate-imiting | cysteine  for  glutathione  synthesis.
_steps, synthesis of L-cyste_ine from _CyStath?Onin‘éonsequently, a deficiency iy-cystathionase
is catalyzed byy-cystathionase (international activity is associated with low glutathione levels
enzyme classification: EC 4.2.1.15). Newborn fetal life (2, 3), and in other situations, stach

- _ n aging of the eye lenses (6, 7) surgical stress (8),
Abbreviations: AIDS, Acquired Immunodeficiency cance(9) and AIDS (10).

Syndrome; DEAE, Diethylaminoethyl; EDTA, Ethylene ) ] . . .
diamine tetra acetic acidFPLC, Fast protein liquid Mechanisms involved in the induction pf

chromatography; GAPDH, ~ glyceraldehyde 3-phosphate cystathionase activity at birth are not completely
dehydrogenasePCR, Polymerase chain reactiol§DS  ynderstood. Heinonen and Raiha reported that

Sodium dodecyl sulfate. dexamethasone, glucagon or AMP increaged

INTRODUCTION
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y-cystathionase in the fetal-to-neonatal transition

cystahionase activity in liver explants fromphosphate. The homogenate was spun at 10,00089 foin
human fetuses (11). The physiological oxidativet 4C, and the supernatant was used to deternyine
stress that occurs in the fetal-to-neonat&ystathionase activity.
transition may also be involved in this inductionP S _

. . Purification of js.cystathionase.
'”‘?‘eeq’ W_e founc_l a marked increased glutathione Following the method described by Biledlal (15),y-
oxidation in the liver of rat pups when comparedystathionase was purified approximately 1000 tirftem
with fetuses, as well as newborn infants (3, 12jat liver as described in (7).
The remarkable increase in arterial,pdrom 25

to 100 mmHg- that occurs at birth may b Lo . .
. . . . S Polyclonal antibodies againsy-cystathionase were
responsible for this physiological oxidative stres§btained from rabbits following the procedure dixsst by

(13). Harlow and Lane (16) as described in (7).
The aim of the present work was: 1) To

determine whether the increaseyioystathionase WeSteE:” bt'oatqi,“g OVCyStaﬂgot”aSted A N .
o : St y-Cystathionase was detected by western blottinggusin

aCtIVI.tY th.atdoccurs n thle .fetalft(.) neormtalhe Protoblot Western Blot AP System (Biorad, Spaim)

transition '_S ue to up-re'gu ation of its mR_NAthe specific rabbit antibodies obtained in our fabbory as

and protein; 2) To elucidate the mechanismgeviously indicated.

responsible for this increase ijncystathionase S T.PCR

activity; 3) To assess the effect of altermg L Total RNA was isolated from liver from rat fetuses,

cysteine availability oy-cystathionase activity.  pewnhorns and young adults using the guanidium yiaioate

method described by Sambrook et al (17). Reverse
transcription and polymerase chain reaction weréopaed
in one step using the “TitA# One Tube RT-PCR” System

é)btention of polyclonal antibodies againstystathionase

MATERIALS AND METHODS (Boehringer Mannheim). The mRNA expression was
studied by RT-PCR (Titan One Tube RT-PCR System)
Animals using specific oligonucleotides foy-Cystathionase, 5'-
Wistar term pups (21 days of gestation) and newipnb ATCACACCACAGACCAAGCT-3 and 5'-
rats (< 12 hours of life) were used for studiesepaticy- AGGCTCTCAGCCAGAGCAAA-3'; glyceraldehyde 3-
cystathionase during the fetal to neonatal trasvsitand phosphate dehydrogenase (GAPDH) expression wasassed
young adult rats (5 to 6 months old) were also wsed internal control with the following specific oliganleotides:
controls for comparison. Number of rats and expenitsis ~ 5-GGT CCT CAG TGT AGC CCA AGA TG - 3" and 5™
indicated in the figure legends. CCT GGA GAAACCTGC CAAGTATG-3.

y-Cystathionase was purified from the liver of 8-12.,_.: .. | lvsi
month-old Wistar rats, and New Zealand rabbits weyed Statistical analysis
to obtain antibodies againgtcystathionase. All animals
received humane care according to the criteriam®dlin o' the sets of data in which F was significarthatlevel
the “Guide for the Care and Use of Laboratory Animals ¢ < o 05 were examined by the Student t test.
prepared by the National Academy of Sciences and
published by the National Institutes of Health (NIH
publication 86-23, revised 1985). This study wapraped
by the Research Committee of the School of Medicine RESULTS
(University of Valencia, Valencia, Spain).

Results are expressed as mean = S.D. One way
analysis of variance (ANOVA) was performed firshda

. N Increase of hepatigscystathionase activity in the
Assay foryscystathionase activity fetal to neonatal transition

In rat livery-cystathionase activity was determined by . . ..
the continuous spectrophotometric method of Flaainl Figure 1 shows thaj-cystathionase activity

Slaughter (14) with the modification described las@eet  In liver tissue was 40% higher (P < 0.05) 1 h
al. (7). Briefly, y-cystathionase activity was assayed atafter birth than in fetuses at term. It further
379C in 1 ml (final volume) of the following medium:Z&  increased at 6 h after birth if newborns were fed
M Tris HCI, pH 8.1, 2QuM pyridoxal phosphate, 0.25 mM on maternal milk, reaching a value which was
NADH, containing 30 I.U. of lactate dehydrogenasel a 67% higher than in fetuses (see Fig. ).

using 30 mM cystathionine as substrate. The ratehe . Lo .
decrease in absorbance at 340 nm was measuree baibr cystathionase activity in liver tissue from adult

after the addition of cystathioningCystathionase activity rats was 80% higher than in fetuses at term and
was calculated as the rate for NADH consumption. 30 % higher than in newborns not being
In hepatocytes isolated from rat fetusesystathionase preastfed. Hepatig-cystathionase activity was

activity was measured as the rate of cysteine foomdrom PSS ;
cystathionine, as described by Sturmen al (2). The not significantly different between adult rats and

continuous method was not used in isolated hepasdue newborns fed maternal milk.
to the high NADH oxidase activity that occurrecpiresence

of tert-butyl-hydroperoxide. Hepatocytes were homogenized

in 10 mM potassium phosphate buffer (pH 7.0) coragi

10 mM EDTA, 1 mM di-thio-threitol and 2QM pyridoxal
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. 5 . L . . Figure 2. Up-regulation ofy-cystathionase mRNA in the
Figure 1. y-cystathionase activity in the liver during theIiver during the fetal-to-neonatal transition. Teepression

fetal-to-neonatal transitiony-Cystathionase activity (mlU of y-cystathionase MRNA was measured by RT-PCR in

/mg bprot.) Wz;s measu:jedlt |nRI|ver|tt|ssue frongrafu sfe; ' liver tissue from rat fetuses, newborns and youdglts.

newborns and young adults. Resulls are mearD. for - g expression  of  glyceraldehyde-3  phosphate

11 experiments. Statistical difference is indicaasdollows: dehydrogenase mRNA was used as internal standard

> “ P .
P < 0.01 vs. *fetuses”, # P<0.05 vs. “newbomts6 h Results are mea: S.D. for 3 experiments. Statistical

not fed”. difference is indicated as follows: * P < 0.05; P < 0.01
) ) vs. “fetuses”.
Up-regulation of jpcystathionase mRNA and
protein in the fetal to neonatal transition Tert-butyl hydroperoxide at low concentrations

The expression of-cystathionase MRNA in increasesycystathionase activity in vitro in fetal
the liver tissue was higher in adults than ilhepatocytes
newborns —not breastfed-, and it was also higher Tert-butyl hydroperoxide was used as a pro-
in the latter than in fetuses at term (Fig. 2). Thgxidant agentn vitro in isolated hepatocyes to
mRNA  for  glyceraldehyde  3-phosphatéinduce glutathione oxidation as it occlimsvivo
dehydrogenase was used as control for the the fetal to neonatal transition (Pallardé et al
amount of RNA. The hepatig-cystathionase 1991). The effect of tert-butyl hydroperoxide was
MRNA was 20% in fetuses and 52% in newbornstudiedin vitro at three different concentrations
when compared with 100% in adults. (0.01, 0.05 and 0.1 mM) in hepatocytes isolated

Figure 3 shows that the expression yof from fetuses at termy-Cystathionase activity
cystathionase at the protein level was higher inas increased by 15% in fetal hepatocytes after 1
newborn liver than in fetal liver. The enzymeh incubation with tert-butyl hydroperoxide at low
expression increased further in adults whegoncentration (0.01 mM) (see Fig. 4). However,
compared ~ with newborns. Indeed, thg-cystathionase activity decreased markedly
densitometry revealed thaty-cystathionase (almost 50%) when fetal hepatocytes were
expression in the liver tissue was 50% in fetusesposed to a 10 times higher concentration of
and 75 % in newborns when compared with 10@rt-butyl hydroperoxide (i.e. 0. 1 mM). No
% in adults. Furthermore, there is a lineasignificant differences were found when using
correlation between the protein expression ar@l05 mM tert-butyl hydroperoxide.
the activity of the enzyme. This correlation
demonstrates that the induction of the enzymehenylephrine, glucagon or cAMP increases
activity at birth is mainly due to up-regulation ofcystathionase activity in fetal hepatocytes
the enzyme expression. The effect of stress hormones own

cystathionase activity was testdd vitro in
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hepatocytes from at term fetuses. 0.01 midtimuli triggered by 0.5 mM cAMP plus 0.5 mM
Phenylephrine and 0.001 mM glucagon induceophylline —which inhibit phosphodiesterase-
a 34 % and 9% increase ipcystathionase induced a 31 % increase igcystathionase
activity respectively (see Fig. 5). A more intensactivity.
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Figure 3. Up-regulation ofy-cystathionase protein in the liver during the lfiédaneonatal transition. Panél shows the
expression ofy-cystathionase protein measured by western blottinver tissue from rat fetuses, newborns andngpu
adults. PaneB shows the densitometric analysis of the westethpamelC shows the correlation betwegtystathionase
activity and protein in liver tissue using the meafues for rat fetuses, newborns and young adrésults are mean S.D.
for 3 experiments. Statistical difference is indéchas follows: * P < 0.05;** P <0.01 vs. “feks”.
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x y-Cystathionase activity of the purified
enzyme was diminished by 20 % in presence of
0.5 mM cysteine and by 50 % in presence of 1
100 4 . mM cysteine when using 30 mM cystathionine as
I substrate (see Fig. 6B). Furthermorg:
cystathionase activity was undetectable when
using the physiological cystathionine-to-cysteine
T ratio (4:1) reported for rat liver (18). Additiori o
501 dithiotreitol, a potent reducing agent, restoresl th
enzyme activity in presence of L-cysteine.
a5 Therefore, the inhibition ofy-cystathionase by
cysteine seems to be mediated by its thiol group.

125 4

75 4

v-Crostathiomese activity (4]
+

Control 0,1 mMm 0,05 mM 0,01 mM
| |
Tert butytydroper axide A)

Figure 4. Effects of tert-butylhydroperoxideon y- w07 Eysteine
cystathionase activityn vitro in fetal hepatocytes. Fetal
hepatocytes were cultured in presence of differer
concentrations of tert-butylhydroperoxide (0.1 mBlp5 0.5
mM and 0.01 mM). Results are mean S.D. for 3

a8
Contral

. .. . L. 0.4
experiments. Statistical difference is indicatedadiows: * *,
P < 0.05 vs. “controls”. 03
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Figure 5. Effects of stress hormonem y-cystathionase
activity in vitro in fetal hepatocytes. Fetal hepatocytes wer
cultured in presence of phenylephrine, cCAMP + tetipte

or glucagon. Results are meanS.D. for 3 experiments.
Statistical difference is indicated as follows: *<F0.05 vs.
“controls”.

Inhibition of j~cystathionase by L-cysteine

The inhibitory studies were performed with
y-cystathionase purified from rat liver, which o 3
exhibited the following kinetic parameters afigure 6. A) Competitive inhibition of purified y-

; i ; . _cystathionase by L-cysteing-Cystathionase activity was
different cystathionine concentrations: Vmax “measured using the continuous method (see Methuitis)

5.9 |U/_mg protein; Km = 82 mM. In Ol‘df,‘l’ O the enzyme purified from rat liver in presence bsence of
determine the type of inhibition by cysteine, @5 mMm L-cysteine Abbreviations used: V = y-

Lineweaver plot was performed using purifigd cystathionase activity (IU./mg protein); C = cystatfine

cystathionase in presence or absence of cystefifgcentration (mM). B) Inhibition ~of y-cystathionase

with increasing concentrations of cystathioningc!V!ty by L-cysteine and reversal by DTT. Resuie
. A theant S.D. for 3-4 experiments. Statistical differense i

According to our results, the inhibition of indicated as follows: * P < 0.05 vs. control @uditions).

cystathionase by cysteine was competitive (See
Fig. 6A).

Neo
additions
1 mM Cys
1 mM Cys

+1mM DTT

y-Cystathionase activity (%)
‘mMeaH |
+1 mM GEH *
1 mM Cys
+50 mM GSH :l_' *
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DISCUSSION stress, at least in the fetal-to-neonatal tramsitio
Our results show thatcystathionase activity in
fetal hepatocytes is increased by a moderate
xidative stress induced by a Ilow tert-
utylhydroperoxide concentration, which
ulates the physiological oxidative stress that

The trans-sulphuration pathway,
indispensable for conversion of methionine intg
L-cysteine and subsequently glutathion

synthesis is restricted to those tissues containiﬁ%n : >
both  cystathionine B-synthase and Y- occurs in the fetal to neonatal transition. Hence,

cystathionase activities, being the liver Wher@oderate oxidative stre_ss WOUId_ serve as a signal
these activities are found to be at highest (19, 29 UP-regulatey-cystathionase in the fetal to

21). Moreover, hepatig-cystathionase activity is neonatal transition. On the other hand, the flux

higher in newborn than in fetuses both in rat pug8rough cystathioninf-synthase increases under
and humans (2, 3). However, Levonen angxposure to kD, or tert-butylhydroperoxide via

colleagues reported thgtcystathionase mRNA herge ;JX|dat|o_(r; t'(25’28)t. Henc_e, a low f[)r:
was abundantly expressed prior to birth jnoderate - oxidative - -stress - increases - the
humans, and no significant changes were fou neration of cysteine from methionine. Since

in at term fetuses when compared with newbo e intracellular cysteine levels are generally
or adults (22). Consequently, a pOS,[[ate-limiting for glutathione synthesis, the up-

transcriptional regulation seems to be responsibrl‘ég.’u'a.t'on of the trans-sulphuratlon pathway .by
. . . - oxidative stress would be an adaptive mechanism
for the induction ofy-cystathionase activity upon

birth in humans. Our results show that an upd. Enhance GSH levels and consequently the
antioxidant cellular capacity.

regulation ofy-cystathionase is responsible for It is well-known that newborn animals of

the increase in the enzyme activity in the fetal-t%plany species are more resistant to hyperoxia
negnar;[al trans!tlo? In rats. 'Ir']hus, bOt,h the mRNt an adult animals (29, 30). This can be
E.n h the prc?'tem l(:)ly-(;]ystat |onar?e mpreaTe atexplained because newborn animals can adapt to
Irth In rat liver. Furthermore, there Is a lineay, o qyia by up-regulating antioxidant enzymes

relationship between the mRNA and the protei 0, 31). Accordingly, adult animals had no
ncreases in their lung antioxidant enzyme levels

expression of this enzyme, indicating that the u
regulation is triggered at the transcriptional lev uring exposure to hyperoxia, whereas neonatal
animals exhibited rapid increases in their

and consequently, no accumulation of the mRN
occurs in the fetus at term, as it is the case fgpyioyidant enzyme levels during the hyperoxic
%‘F\'allenge (30). This adaptive mechanism seems

other enzymes such as superoxide dismuta
catalase or glutathione peroxidase (23). to be present only during a short period after

Hormones, such as cortisol and glucagon,?:?th (32). On the contrary, an excessive

gpﬁ?smered respon3|b_|e f?]r tr}e |Induct|on xidative stress may cause enzyme inactivation
ifferent enzymes In the fetal-to-neonataj,qiaaq of adaptive up-regulation. Indeed, our

transition (1, 24) and-cystathionase is one of joqits show that an intense oxidative stress -
them. Thus, Heinonen and Raiha reported thﬁ’{duced by high concentrations of tert-

dexamethasone, glucagon or dibutyryl cyclig vy droperoxide- decreaseg-cystathionase
AMP plus teophylline increasegicystathionase gcivity. Deleterious effects of an intense
activity in liver explants from human fetuses,yiqative stress should be taken into account
(11). In agreement with these results, we repogypecially in hypoxic newborns and prematures.
here that phenylephrine, glucagon or di-butynfewhorn babies accumulate great amounts of
cyclic cAMP plus teophylline raisey- pynoxanthine, the substrate of xanthine oxidase,
cystathionase activity in fetal hepatocytes. in tissue and body fluids during hypoxia. Upon
Hepatic cystathionineB-synthase, another reoxygenation a burst of oxygen free radicals is
key enzyme in trans-sulphuration, is als@roduced overwhelming the antioxidant defense
regulated by glucagon, glucocorticoids, Obystems causing oxidative stress and even tissue
cAMP, which increase its gene expression (2@amage (13, 31, 33). This situation may be
26, 27). Therefore, the trans-sulphuratioRggravated in preterm babies, where the capacity
pathway is hormonally regulated mainly by stresgf these defense systems is significantly reduced
hormones, such as glucagon, glucocorticoids angl). In fact, Saugstad has proposed that oxygen

phenylephrine. ~ radicals are responsible for the development of

The flux through the trans-sulphurationgome neonatal diseases, such as

pathway seems to be also regulated by oxidatiygonchopulmonary dysplasia, retinopathy of
1015
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prematurity, necrotizing enterocolitis and ductu4 Zlotkin, S.H. and Anderson, G.H., The developmeht

; . ; cystathionase activity during the first year oéliPediatric
arteriosus (35). The deficiency ptystathionase Res 1982.16; 65-68.

reported in premature infants (2, 4, 5) may bg Vifia, J., Vento, M., Garcia-Sala, F., Puertdg,, IGasco,
due to absence ofcystathionase up-regulationk., Sastre, J., Asensi, M. and Pallardd, F.V., &teiye and
when the liver maturation is not completed, or t@lutathione metabolism is impaired in prematureais
an excessive pro-oxidant situation. dti.elténsgyfé%tglonase deficiencyAm. J. Clin. Nutr.1995,
Our results also highlight the importance o ..Ferrer, J.V.,. Gasco, E., Sastre, J., Pallardé, Rsensi,
the nutritional status for the up-regulationysf M. and Vifia, J., Age-related changes in glutathione
cystathionase and hence the trans-sulphuratigynthesis in the eye lerBiochem. J1990,26% 531-534.

. 5 . . .. 7. Sastre, J., Martin, J.A., Gomez-Cabrera, M.CedrerJ.,
pathway. Hepatlc yCyStathlonase aCtIVIty.Borrés, C., Pallardd, F.V. and Vifia, J., Age-assediat

increased rapidly at birth and it rose further on iyigative damage leads to absenceyaystathionase in
newborns fed on maternal milk. Consequentlysver 50% of rat lenses. Relevance in cataractogeresi

the complete induction of the trans-sulphuratioRadic. Biol. Med2005,38: 575-582. N
pathway in the fetal-to-neonatal transitiors- Viia, J., Gimenez, A., Puertes, |.R., Gasco,nf. \ifia,

. . . .R., Impairment of cysteine synthesis from methienin
depends on milk feeding, which should béats exposed to surgical streBs. J. Nutr 1992,68: 421-

initiated as soon as possible in newborns. 429.
On the other hand, the competitive inhibitiors. Iglehart, J.D., York, R.M., Modest, A.P., Lazartis and
of purified y-cystathionase by L-cysteine that wd-ivingston, D.M., Cystine requirement of continuous

; ; ; man lymphoid cell lines of normal and leukemidgior.
report here has physiological relevance since H_i‘Biol. Chem1977,252 7184-7191.

would serve to maintain low cysteineig wmartin, J.A., Sastre, J., Garcia de la Asunciéin
concentrations in hepatocytes. Indeed, th&lards, F.v. and Vifa, J., Hepatig-cystathionase
enzyme activity is inhibited at the cystathioninedeficiency in patients with AIDSJAMA 2001,285 1444-
cysteine ratio occurring in the liver. Thisﬁ”*5~Heinonen « and RAMA NCR. Induction of
inhibition . WOUld_ prevent  an _exceSSI_Vecyétathionase i‘n hljman foetal Iiv:aioche.ml.’.]1974,l44:
accumulation of intracellular cysteine, whichgp7-609.

may cause cysteine auto-oxidation leading t. Vento, M., Asensi, M., Sastre, J., Lloret, Sarcia-

pro-oxidant and deleterious effects (36). Sala, F., Mifiana, J.B. and Vifia, J., Hyperoxemizsed by
In conclusion. our results show that théesuscnatlon with pure oxygen may alter intradaluiedox

. . N . C o Status by increasing oxidised glutathione in asjsigr

increase in hepatig-cystathionase activity in the pewiy born infantsSemin. Perinatol2002,26; 406-10.

fetal-to-neonatal transition is due to up43.Vento, M., Sastre, J., Asensi, M.A. and VifiaRbom-
regulation of its gene expression, which igir resuscitation causes less damage to heartidneykthat
mediated by the physiological oxidative stress00% oxygenAm.J. Resp. Crit. Care Me#005,172 1-6.

. - 4. Flavin, M. and Slaughter, C.y-Cystathionase
that occurs at birth together with stres eurospora)Meth. Enzymol1971,17: 433-439.

hormones, such as phgnylephrine and glucagom. Bikel, 1., Paviatos, T.N. and Livingston, D.M.,
Moreover, a complete induction of the enzymeurification and subunit structure of mouse liver

activity is obtained in neonates once milk feedingystathionaseArch. Biochem. Biophysl978, 186 168-

is established. Competitive inhibition of th 16. Harlow, E., Lane, D., 1988. Antibodies. A Laiory

enz_ym(_e with its pr_OdUCt L-c_ystelne helps tQ/Ianual, Cold Spring Harbor Laboratory, New York.
maintain low L-cysteine levels in hepatocytes. 17. Sambrook, J., Fritsch, E.F. and Maniatis, Taér 7:
Extraction, purification, and analysis of messenB&A
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