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Elevated plasma homocysteine has been linked to pregnancy
complications and developmental diseases. Whereas hyperhomo-
cysteinemia is frequently observed in populations at risk of
malnutrition, hypoxia may alter the remethylation of homocys-
teine in hepatocytes. We aimed to investigate the combined
influences of early deficiency in nutritional determinants of
hyperhomocysteinemia and of neonatal hypoxia on homocys-
teine metabolic pathways in developing rats. Dams were fed a
standard diet or a diet deficient in vitamins B12, B2, folate,
month, and choline from 1 mo before pregnancy until weaning of
the offspring. The pups were divided into four treatment groups
corresponding to “no hypoxia/standard diet,” “hypoxia (100%
N2 for 5 min at postnatal d 1)/standard diet,” “no hypoxia/
deficiency,” and “hypoxia/deficiency,” and homocysteine metab-
olism was analyzed in their liver at postnatal d 21. Hypoxia
increased plasma homocysteine in deficient pups (21.2 � 1.6
versus 13.3 � 1.2 �M, p � 0.05). Whereas mRNA levels of
cystathionine �-synthase remained unaltered, deficiency reduced
the enzyme activity (48.7 � 2.9 versus 83.6 � 6.3 nmol/h/mg, p
� 0.01), an effect potentiated by hypoxia (29.4 � 4.7 nmol/h/mg,
p � 0.05). The decrease in methylene-tetrahydrofolate reductase
activity measured in deficient pups was attenuated by hypoxia (p

� 0.05), and methionine-adenosyltransferase activity was
slightly reduced only in the “hypoxia/deficiency” group (p �
0.05). Finally, hypoxia enhanced the deficiency-induced drop
of the S-adenosylmethionine/S-adenosylhomocysteine ratio,
which is known to influence DNA methylation and gene
expression. In conclusion, neonatal hypoxia may increase
homocysteinemia mainly by decreasing homocysteine trans-
sulfuration in developing rats under methyl-deficient regimen.
It could therefore potentiate the well-known adverse effects of
hyperhomocysteinemia. (Pediatr Res 57: 777–782, 2005)
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MTHFR, methylene-tetrahydrofolate reductase
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SAH, S-adenosylhomocysteine
SAM, S-adenosylmethionine

Plasma accumulation of HCY is known to be linked to
cardiovascular diseases and ageing-associated disabilities (1–
3). Moderate hHCY can arise from genetic determinants (4,5)
but is also frequently related to dietary deficiency in vitamins
B12, B2, and folate. In newborns, the risk of hHCY is closely
related to elevated maternal HCY concentrations during preg-
nancy, which is determined by the status of B vitamins (6–8).

A strong relationship has been documented between HCY
accumulation and pregnancy complications, including recur-
rent miscarriages, preeclampsia, and placenta abruption (see
Ref. 9 for review). In the progeny, hHCY has been associated
with fetal death (10), premature birth (11), intrauterine growth
retardation (12), neural tube defects (13), craniofacial anoma-
lies (14), cardiac malformation (15), and hepatic steatosis (16).

HCY production involves the demethylation of methionine,
and, under normal conditions, is essentially regulated in the
liver. As summarized in Figure 1, it originates from the hy-
drolysis of SAH, a product of transmethylation reactions
through SAM, and is metabolized via two pathways of rem-
ethylation and one pathway of transsulfuration. HCY metabo-
lism strongly depends on the nutritional intake of B vitamins,
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inasmuch as remethylation of HCY into methionine is cata-
lyzed by a vitamin B12- and folate-dependent enzyme, namely
the MS, and, in the liver, by BHMT. MTHFR is a flavoprotein
dependent on vitamin B2, which reduces methylene-
tetrahydrofolate into methyl-tetrahydrofolate, the co-substrate
of MS. The second part of the methionine cycle successively
involves the synthesis of SAM from methionine by MAT and
the transmethylation of SAM, producing SAH. Transsulfura-
tion involves a condensation of HCY with serine by CBS to
generate cystathionine, a cysteine precursor (17).

Several reports have outlined that hypoxia and/or ischemia
may alter the remethylation pathway of HCY and, more par-
ticularly, the adenosylation of HCY (18–21). Decreased con-
centration of SAM and reduced expression of MAT have been
reported in adult rats as well as in isolated rat hepatocytes
under moderate chronic hypoxia (18–21). In the adult rat, a
significant SAM deficit was recorded after 10 d of hypoxia, and
this was associated with DNA hypomethylation. The authors
suggested that hypoxia would result in a decreased methylation
similar to that produced by a methyl-deficient diet (19). How-
ever, no data are currently available on the effects of transient
hypoxia on the liver activity of the key enzymes involved in the
remethylation pathway (i.e. MTHFR, MS, and BHMT) and in
the transsulfuration pathway (i.e. CBS). Considering that both
hHCY and acute hypoxia may simultaneously occur in neo-
nates, particularly in some populations at risk of malnutrition
(22–25), we aimed to evaluate the effects of transient neonatal
hypoxia on liver HCY metabolism in a rat model of nutrition-
ally induced hHCY during pregnancy.

METHODS

Animals and exposure to hypoxia. Animal treatments were performed
according to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Female Wistar rats (Charles River, Les Oncins, France)
were constantly maintained under standard laboratory conditions, with food
and water available ad libitum. One month before pregnancy, they were fed
either with standard food (n � 8) (Maintenance diet M20, Scientific Animal
Food and Engineering, Villemoisson-sur-Orge, France) containing vitamins
B12 (0.04 mg/kg), B2 (13 mg/kg), folate (0.9 mg/kg), methionine (4800

mg/kg) and choline (2100 mg/kg), according to the manufacturer, or with a diet
deprived of vitamins B12, B2, folate, and choline (n � 8) (Special Diet
Service, Saint-Gratien, France). Before mating, blood samples were drawn
from caudal vessels under halothane anesthesia for the measurement of plasma
vitamin B12 and folate concentrations.

Within 24 h after delivery, the litter size was reduced to 10 pups for
subsequent standardization of the study. Half of the neonates were placed for
5 min in a Plexiglas chamber thermostated at 36°C and flushed with 100% N2,
whereas the remaining pups were used as controls and exposed to 21% O2/79%
N2 (normoxic conditions) for the same time. Pups were then allowed to recover
for 20 min in normoxia before being returned to their dams. Preliminary
studies showed that such a short hypoxia did not induce detectable brain
lesions (26). When used, deficient diet was given to dams until weaning of
their offspring, i.e. 21 d after birth.

A total of 48 pups was divided into four experimental groups: C (control)
� rats not subjected to hypoxia and fed by a dam with standard diet; H
(hypoxia) � rats exposed to hypoxia and fed by a dam receiving standard diet;
D (deficient) � nonhypoxic rats fed by a dam with a deficient diet; and HD
(hypoxia-deficient) � rats exposed to hypoxia and fed by a dam with a
deficient diet.

Sample collection. For subsequent studies, pups were killed at 21 d of age
by exposure to excess halothane. Intracardiac blood samples were drawn for
the measurement of vitamin B12, folate, and HCY plasma concentrations. The
liver was rapidly collected, washed in Ringer buffered solution (2 mM KCl,
125 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 1.25 mM NaH2PO4, 26 mM
NaHCO3, 2 g/L glucose, pH 7.3) and frozen in liquid nitrogen. Liver cells were
lysed at 4°C in 100 mM potassium phosphate buffer (pH 7.3) containing
protease inhibitors (Proteases inhibitor cocktail, Sigma Chemical Co., St.
Louis, MO). Proteins samples were quantified according to Bradford (27).

Plasma metabolite concentrations. Plasma vitamin B12 and folate concen-
trations were determined by radio-dilution isotope assay (simulTRAC-SNB,
ICN Pharmaceuticals, Costa Mesa, CA) (6). HCY concentration was assessed
by fluorescent polarization immunoassay (IMX system, Abbott Norge AS,
Billingstad, Norway) (28).

Activities of enzymes involved in homocysteine metabolism and hepatic
metabolites. All measurements described below were performed with tissue
samples corresponding to 400 �g of total proteins. CBS was measured by a
method adapted from Taoka et al. (29). Proteins were incubated for 30 min at
37°C in a reactive solution [0.1 M Tris (pH 8.5), 1 mM cystathionine, 5 mM
D,L-serine (Sigma Chemical Co.), 1 mM pyridoxal 5'-phosphate, 0.25 �Ci
[14C]serine (Amersham Biosciences, Saclay, France), and 15 mM HCY
(Sigma Chemical Co.)]. After washing with 20 mM maleic acid (pH 1.9) and
0.2 M LiCl, radiolabeled cystathionine was eluted with 50 mM acetic acid (pH
4.8), 0.8 M LiCl into Dowex 50WX2–200 gel (Sigma Chemical Co.), and
quantified by means of a liquid scintillation analyzer (Packard Biosciences,
Meriden, CT,). MS activity was monitored by a method adapted from Chen
and Banerjee (30). Proteins were incubated in a buffered solution [100 mM
KH2PO4 (pH 7.2), 25 mM DTT, 25 mM ascorbate, 0.5 mM SAM, 50 �M
OH-cobalamin, 5 mM D,L-HCY, and 250 �M [14CH3]methyl-tetrahydrofo-
late]. Eluted on a cationic gel (quaternary ammonium, AG1x8, Cl� form,
Bio-Rad), [14CH3]methionine was measured with PicoFluor-40 (Packard Bio-
sciences). Enzymatic activity of BHMT was measured as previously described
by Garrow (31). MAT activity was measured according to Chamberlin et al. (32).
The activity of MTHFR was measured as reported by Kutzbach and Stokstad (33).

For the measurement of SAM and SAH concentrations, the technique was
adapted from Delabar et al. (34). Proteins were precipitated with 0.2 N HClO4,
before injection on the column (Lichrospher, 100 RP-C18, 5 �m, 250 � 4 mm
ID). The mobile phase was applied at a flow rate of 0.75 mL/min and consisted
in 50 mM sodium phosphate (pH 3.2), 10 mM heptan sulfonate, and acetoni-
trile (10–20% from 0 to 20 min). Amounts of SAM and SAH were quantified
by using an UV detector at 254 nm.

MS and CBS mRNA assays. Total RNA were isolated from liver tissues
using the Rneasy mini-kit from QIAGEN (Courtaboeuf, France) according to
the manufacturer’s protocol, and quantified by spectrophotometry. RNA in-
tegrity was assessed by subjecting 1 �g of total RNA to electrophoresis
through a 1% (wt/vol) agarose gel. Total RNA (2 �g) was reverse-transcribed
using hexamer random primers and Omniscript (QIAGEN) in a 20-�L volume
reaction of a buffered mixture containing 0.5 mM dNTP. The cDNA products
were 2-fold diluted, and 2 �L was used as a template for each amplification in
PCR. Reactions were performed with TaqDNA polymerase (Invitrogen, Cergy
Pontoise, France) in 50 �L of a buffered solution containing 0.5 mM dNTP,
and 0.5 �M of each primer. Separate PCR for MS, CBS, and L-27 (internal
standard) amplification were undertaken with the following oligonucleotides
primers: MS (NM 030864, 228 bp product), sense 5'CAGATATAATTGGCT-
TGTCAGGACT3', antisense 5'TTTCATCTAACAGCTGAGAACACAC3';
CBS (NM 012522, 350 bp product), sense 5'TTCCCCACATTACCACA-
CAG3', antisense 5'AGCACATCCACCTTCTCCAT3'; and L-27 (NM

Figure 1. Homocysteine metabolism. R, radical; Vit., vitamin.
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022514, 364 bp product), sense 5'GCTGTCGAAATGGGCAAGTT3', anti-
sense 5'CAAACTTGACCTTGGCCTCC3'. Conditions of PCR allowing to be
in the exponential phase of PCR were as follows: for MS, number of cycles (n)
� 31, annealing temperature (AT) � 61°C; for CBS, n � 30, AT � 56°C; for
L-27, n � 27, AT � 62°C. Amplification products were analyzed by agarose
gel electrophoresis, visualized by ethidium bromide staining, and quantified by
densitometry with ImageMaster 1D Primer software and ImageMaster appa-
ratus (Amersham Pharmacia Biotech, Quebec, Canada). Amplicons selectively
amplified the desired target mRNA, and results were expressed relatively to the
mRNA levels of the housekeeping gene L-27.

Statistical analyses. Data were prospectively collected and analyzed with
Statview 5 software for Windows (SAS Institute, Berkley, CA). Reported as
mean � SD, raw data were compared by using one-way ANOVA with Fisher’s
test. Multiple regression and univariate z-correlation analyses were used to
evaluate the relationships between enzymatic activities, plasmatic or intracel-
lular metabolites, and animal weight and size. A p value � 0.05 was consid-
ered to indicate statistical significance.

RESULTS

General observations. In some experiments, evidence of
hypoxia in neonates was detected by the measurement of blood
gases (pH, PO2, and PCO2), as previously described (35). At the
end of exposure to hypoxia (or to normoxia for controls),
mixed blood samples were rapidly collected following decap-
itation, sheltered from ambient air, and injected into a gas
analyzer (Corning Medical and Scientific, Halstead, UK). Im-
mediately after hypoxia, a significant hypoxemia was recorded
(PO2 � 40.6 � 5.3 versus 62.5 � 6.1 mm Hg, n � 5, p � 0.01),
along with mild hypercapnia (PCO2 � 49.2 � 6.1 versus 33.7 �
5.8 mm Hg, p � 0.05) and acidosis (pH � 7.23 � 0.04 versus
7.38 � 0.02, p � 0.01). The hypoxic episode did not affect
pups’ survival and had no apparent consequences on their
subsequent growth (Fig. 1).

Whereas the deficient diet was without lethal effects in
pregnant females, it led to 25% perinatal mortality in offspring.
In addition, this regimen induced a significant growth retarda-
tion that was observable until the end of the suckling period.
Starting from the first day after birth, the body weight was
significantly lower in animals belonging to groups D and HD
when compared with those from groups C and H, and the
difference increased with time until d 21 (Fig. 2, Table 1). The

decrease in weight gain was accompanied by a reduced size in
rat pups. The close correlation (z � 6.113, p � 0.0001)
between the two parameters (size and body weight) confirmed
a global growth retardation in response to the deficient diet
rather than a malnutrition-related thinness.
Vitamin status. Concentrations of vitamin B12 and folate

were measured in blood samples of adult female rats to eval-
uate the influence of diet (Table 1). At the time of mating (i.e.
30 d after the beginning of exposure to specific dietary regi-
mens), the deficient diet significantly decreased plasma con-
centrations of vitamin B12 (p � 0.01) and folate (p � 0.01).

The maternal regimen clearly influenced vitamin concentra-
tions in offspring (Table 1). At 21 d of age, rats belonging to
groups D and HD displayed a 72% decrease of plasma vitamin
B12 concentration compared with the two groups fed normally
(p � 0.01). In parallel, plasma folate concentration was re-
duced by 61% (p � 0.01). Irrespectively of the nutritional diet,
hypoxia had no influence on vitamin B12 plasma concentra-
tion, but it appeared to decrease folate concentration in H
group compared with controls (p � 0.05).
Homocysteine and metabolic alterations. As expected, ho-

mocysteinemia rose in dams fed with the deficient diet (p �
0.01) (Table 1). Similarly, the decline of vitamin B12 and
folate concentrations in offspring fed by a deprived mother was
associated with substantial increases in HCY plasma levels. At
21 d of age, these young rats exhibited HCY concentrations
two times higher than those found in their normally fed coun-
terparts (Table 1). Whereas hypoxia did not influence homo-
cysteinemia in normally fed rat pups, it was shown to poten-
tiate the diet effects by significantly increasing hHCY in the
HD group compared with group D (Table 1).

As illustrated by Figure 3, a global reduction of HCY
catabolism seemed to account for the observed increased ho-
mocysteinemia in young rats exposed early to an unbalanced
regimen. Indeed, rats from group D showed a substantial
decrease of CBS activity when compared with controls (48.6 �
2.9 versus 83.6 � 6.3 nmol/h/mg, p � 0.01). This drop was
more pronounced when deficient neonates were transiently
exposed to hypoxia (29.4 � 4.7 nmol/h/mg in HD group),
whereas hypoxia alone did not alter CBS activity.

The MS enzyme was also dramatically affected by the nutri-
tional conditions, its activity varying from 2.5 � 0.3 nmol/h/mg in
group C to 0.6 � 0.1 nmol/h/mg in group D (p � 0.01). Hypoxia
had no significant influence on this enzyme, whatever the nutri-
tional status. In contrast to the two other pathways of HCY
degradation, the remethylation pathway involving BHMT was
found to be unchanged among the four animal groups, BHMT
activity remaining stable around 7.5 nmol/h/mg.

Neither the deficient diet nor hypoxia alone significantly
affected MAT activity, but combined treatments decreased it
(Fig. 3). SAM concentration was significantly reduced in rats
exposed to the deficient diet (from 102.9 � 13.5 �g/mg protein
in group C to 64.6 � 9.6 �g/mg protein in group D, p � 0.01).
Although hypoxia by itself did not affect SAM concentrations
in rats with normal regimen, it appeared to potentiate the
consequences of the deficient diet, with SAM concentration
reaching 29.8 � 5.0 �g/mg protein in these conditions. By
contrast, SAH concentrations did not vary throughout the

Figure 2. Influence of deficient regimen and hypoxia on the evolution of rat
body weight during postnatal development. Data are mean � SD. For each
experimental group, 12 rats from four different litters were studied. Statistically
significant differences at all points (ANOVA): p � 0.01 (deficient regimen vs
normal regimen in nonhypoxic animals), p � 0.01 (deficient regimen vs normal
regimen in hypoxic animals).
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various experimental groups, and remained around 80 �g/mg
protein. From these data, an index of global cell methylation
can be estimated in the different groups by the calculation of
the SAM/SAH ratio (10,27). This ratio decreased from 1.62 �
0.30 in C group to 0.61 � 0.06 in D group (p � 0.01).
Consistently, a significant decline was also recorded between
H and HD groups (1.26 � 0.20 versus 0.46 � 0.06, p � 0.05).
An important feature was that a significant difference was
detected between C and H groups as well as between D and HD
groups, indicating that hypoxia seemed to exacerbate the ef-
fects of nutritional deficiency (Fig. 3).

In addition, a fall of MTHFR activity was recorded in rats
exposed to the deficient diet (0.9 � 0.2 nmol/h/mg in group D
versus 3.5 � 0.5 nmol/h/mg in group C, p � 0.01). Hypoxia
had no influence on individuals normally fed, whereas it
appeared to significantly attenuate the decrease in MTHFR
activity recorded in response to the deficient diet (Fig. 3).

As a complement to these studies, mRNA levels of MS and
CBS were analyzed. The rat group fed with a deficient diet (D)
showed a significant decrease of the MS/L27 mRNA ratio (p �
0.05) compared with the control group (Fig. 4A), whereas the
hypoxic treatment did not influence this ratio. Regarding CBS
mRNA transcripts, no significant differences were found be-
tween CBS/L27 ratio values issued from the various experi-
mental groups (Fig. 4B).

Correlation studies. According to multiple regression and
univariate z-correlation analyses, vitamin B12 was found to be
a determinant of MS activity (p � 0.0179), folate a determinant
of MTHFR activity (p � 0.0023), and the SAM/SAH ratio a
determinant of CBS activity (p � 0.0016).

Plasma concentration of HCY was significantly correlated to
concentrations of SAM (p � 0.0002), folate (p � 0.0001), and
vitamin B12 (p � 0.0001) as well as to MTHFR (p � 0.0061)
and MS (p � 0.0320) activities.

Finally, both animal size and body weight were significantly
correlated (p � 0.0001) to plasma concentrations of vitamin
B12, folate, and HCY in 21-d-old rat pups.

DISCUSSION

When they were exposed to a vitamin-deficient diet in utero
and then through their mothers’ milk, rat pups exhibited a high
score of perinatal mortality and sustained growth retardation.
The present study also showed that such a diet produced a
significant hHCY, in line with long-lasting metabolic distur-
bances. Mild neonatal hypoxia appeared to potentiate the
long-term effects of the diet on HCY metabolism, indicating
that it may potentially aggravate the adverse consequences of
hHCY on the overall health status.

Methyl-deficient diets have previously been used in adult
rats to induce hHCY at levels that are similar to those recorded
in vitamin B-deficient humans (15–100 �M HCY) (10). Such
diets impair HCY remethylation as they usually combine de-
ficiency in vitamin B12 and folate, absence of choline, and low

Table 1. Effects of the nutritional regimen on weight, size, and plasma vitamin B12, folate, and HCY concentrations in adult female rats
and their offspring

Adult females (d 0) Adult females (d 30) Progeny (postnatal d 21)

Normal diet Deficient diet Normal diet Deficient diet C H D HD

Weight (g) 227.2 � 1.6 234.3 � 15.1 268.2 � 15.3* 259.3 � 15.0* 44.7 � 3.0 44.2 � 3.5 17.7 � 4.3† 18.0 � 2.7†
Size (cm) n.d. n.d. n.d. n.d. 19.1 � 1.2 19.3 � 1.3 12.8 � 1.5† 12.1 � 0.7†
Vitamin B12 (pmol/L) 1078.8 � 107.0 989.2 � 91.7 1057.5 � 177.8 555.8 � 99.3† 1202.5 � 161.4 1207.9 � 112.6 333.6 � 61.0† 322.8 � 68.9†
Folate (nmol/L) 130.8 � 3.8 141.7 � 11.2 172.7 � 27.2 35.5 � 11.8*† 86.9 � 15.5 69.0 � 13.8‡ 33.6 � 10.7† 27.6 � 14.9†
HCY (�mol/L) 5.6 � 2.2 6.2 � 0.7 6.1 � 0.5 20.4 � 2.3*† 6.8 � 0.3 6.5 � 0.3 13.3 � 1.2† 21.2 � 1.6†‡

Data are mean � SD and were obtained from 8 individuals for adult females and 12 individuals issued from four different litters for 21-d-old progeny. Adult
females were tested before receiving their experimental (normal or deficient) diet (d 0) and then 30 d later. The progeny was tested at 21 d of age. C, H, D, and
HD refer to the various experimental groups as defined in “Methods.” Statistically significant differences: Mann-Whitney: * p � 0.02 (d 30 vs d 0); † p � 0.01
(deficient diet vs normal diet); ANOVA: ‡ p � 0.05 (hypoxia vs no hypoxia). n.d., not determined.

Figure 3. Effects of deficient diet and hypoxia on the various pathways
involved in the monocarbon metabolism in 21-d-old rats. Data are mean � SD.
For each group, 12 rats from four different litters were studied. Statistically
significant differences (ANOVA): *p � 0.01 (deficient regimen vs normal
regimen), †p � 0.05 (hypoxia vs no hypoxia).

Figure 4. Effects of deficient diet and hypoxia on MS and CBS mRNA levels
in the liver of 21-d-old rats. Data are mean � SE and are expressed as MS/L27
and CBS/L27 relative densitometric values. For each group, three rats were
studied. Statistically significant differences (ANOVA): *p � 0.05 (deficient
regimen vs normal regimen).
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concentrations of methionine (36). In the present study, vita-
min B2 was additionally omitted in the deficient diet since i)
this compound is another key determinant of HCY remethyla-
tion, acting as a coenzyme for MTHFR and MS reductase (37),
and ii) because the synthesis of coenzyme B2 is defective in
malnourished children (28). Vitamin B6, the cofactor of CBS
in HCY catabolism, was not removed from the deficient diet
since it is not directly involved in the remethylation pathway.

Under these conditions, rat pups developed hHCY at a level
comparable to that reported in other studies on adult rats (36).
The effect of the deficient diet on the plasma vitamin B12
concentration was more dramatic in the offspring than in their
mothers. It has been well documented that vitamin B12 defi-
ciency may have long-lasting adverse effects in children (38).
Consistent with our data, lower birth weight was recorded in
rats in cases of marginal vitamin B12 intake during gestation
(39). Growth retardation was shown to persist throughout the
first year of life even when pups received adequate dietary
vitamin B12. Additionally, offspring from deficient dams
showed more liability to various types of infections.

In offspring subjected to the deficient diet, liver activities of
CBS and MS were reduced. Decrease in CBS activity was not
directly dependent on the vitamin deficiency, since the co-
factor of this enzyme is vitamin B6, a compound that was not
omitted from the diet. Instead, it could be related to the reduced
concentrations of SAM in the deficient pups, considering the
activating effect of this metabolite on CBS. On the other hand,
the vitamin deficiency did not modify the transcription of the
CBS gene. MS activity is strongly dependent upon the avail-
ability of vitamin B12, and this certainly explains its substan-
tial decrease after exposure to the deficient diet. Several studies
support a role of vitamin B12 at the MS protein level. Yamada
and colleagues (40) have suggested that low MS activity in
vitamin B12-deficient rats can be explained by a reduced
stabilization of the enzyme by its co-enzyme. In a previous
study from our laboratory, it was observed that gastrectomized
adult rats subjected to a methyl-deficient diet exhibited a
reduced liver MS activity without any change of MS transcript
level (36), and it has been recently reported that vitamin B12
may induce translational up-regulation of MS in cell culture by
shifting the mRNA from the ribonucleoprotein to the polysome
pool (41). In the present study, however, a modest but signif-
icant decrease in the amount of MS mRNA was detected under
the conditions of deficient diet. Specific characteristics of our
model, in particular the early and long-lasting exposure of rat
fetuses to the vitamin B2-deprived deficient diet, may explain,
at least in part, this apparent discrepancy with previous reports.
In this respect, the absence of vitamin B2 in the diet used in the
present study may also account for the reduction of MTHFR
activity recorded in deficient rat pups, inasmuch as vitamin B2
is a co-factor for this enzyme.

The decline of SAM concentration might reflect a decreased
remethylation of HCY rather than a decreased adenosylation of
methionine, inasmuch as MS activity, but not that of MAT,
was lowered in newborns subjected to the deficient diet.

We and others have shown that severe hypoxia in the
newborn rat can induce tissue damage through apoptosis and
alter normal development (35,42). Conversely, mild hypoxia

may exert beneficial effects by inducing tolerance to subse-
quent oxygen deprivation and by stimulating tissue repair and
cell proliferation, as demonstrated both in vitro in cultured
neurons (23) and in vivo in the newborn rat (26). We hypoth-
esized that the same phenomenon may occur in the liver, and
therefore submitted newborn rats to mild, nonlesioning hyp-
oxia. The remethylation pathway of HCY may be a target for
hypoxia (18–21). For instance, expression of the MAT gene
has been shown to decrease in response to sustained hypoxia in
isolated rat hepatocytes (18,19). Such a down-regulation may
be related to the stimulation of the inducible isoform of nitric
oxide (NO) synthase and/or to a reduction of glutathione levels
(20). The resulting decreases of mRNA abundance and of the
corresponding enzyme activity, along with the reduction of
SAM concentration in cells, could in turn trigger DNA hypom-
ethylation, as previously documented, after methyl-deficient
diet (43). Our results appear to be consistent with these find-
ings. In addition, to our knowledge, they are the first to report
a long-term influence of short hypoxia on HCY plasma con-
centration and CBS activity, an effect that was specifically
evidenced in animals with vitamin-deficient diet.

Because CBS is the key enzyme of HCY catabolism, it may
be speculated that its reduced activity accounts for the en-
hanced hHCY observed in deficient pups exposed to hypoxia.
This may be due, at least partly, to the decreased concentration
of SAM in hepatic cells. This product of MAT activity is a
known activator of CBS. Under these conditions, it is therefore
likely that a link exists between decreased MAT activity and
subsequent decreases in SAM concentration and CBS activity
in deficient pups exposed to neonatal hypoxia. This could also
explain the relationship between HCY and SAM, which was
depicted in these pups by univariate analysis.

A salient feature of our study is the long-term effects of
hypoxia on activities of CBS, MTHFR, and MAT. Mecha-
nisms accounting for such delayed changes remain to be
elucidated and may possibly involve alteration of transcrip-
tional activities, as previously shown for chronic hypoxia
(18,19,44). It has been recently shown that the effect of hyp-
oxia on the expression of the MAT gene is under the influence
of NO production (45). Whether or not the deficient diet
modifies NO production should therefore be further investi-
gated. It is known that cysteine—a product of the transsulfu-
ration pathway of HCY metabolism—is the substrate for glu-
tathione synthesis (46). The reduction of oxygen delivery has
been shown to decrease glutathione production, leading to the
inhibition of MAT transcription and activity (18,19).

In conclusion, our results suggest that short episodes of
hypoxia around birth may have a long-term aggravating effect
on hHCY resulting from an inadequate vitamin status during
pregnancy, mainly by decreasing HCY transsulfuration.
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