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Although oestrogen replacement therapy (ERT), which can affect the risk of major cancers, has been known to reduce total plasma homocysteine

concentrations in postmenopausal women, the mechanisms and subsequent molecular changes have not yet been defined. To investigate the effect

of ERT on homocysteine metabolism, thirteen healthy postmenopausal women were enrolled in a double-blind, placebo-controlled, randomized,

cross-over study consisting of two 8-week long phases, placebo and conjugated equine oestrogen (CEE; 0·625mg/d). Concentrations of total

plasma homocysteine, vitamin B6 and serum folate and vitamin B12 were measured by conventional methods. Genomic DNA methylation was

measured by a new liquid chromatography/MS method and promoter methylation status of the oestrogen receptor (ER)a, ERb and p16 genes

was analysed by methylation-specific PCR after bisulfite treatment. The CEE phase demonstrated a significantly decreased mean of total

plasma homocysteine concentrations compared with the placebo phase (8·08mmol/l (6·82–9·39) v. 9·29 (7·53–11·35), P,0·05) but there was

no difference in the blood concentrations of the three B vitamins. The CEE phase also showed a significantly increased genomic DNA methylation

in peripheral mononuclear cells compared with the placebo phase (2·85 (SD 0·12) ng methylcytosine/mg DNA v. 2·40 ^ (SD 0·15) P,0·05). How-

ever, there was no difference in promoter methylation in the ERa, ERb and p16 genes. This study demonstrates that decreased homocysteinaemia

by CEE therapy parallels with increased genomic DNA methylation, suggesting a potential new candidate mechanism by which ERT affects the

risk of cancers and a possible new candidate biomarker for the oestrogen-related carcinogenesis through folate-related one-carbon metabolism.
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Oestrogen hormones have been regarded as major players in
carcinogenesis and, particularly, oestrogen replacement
therapy (ERT) has been considered to affect, through various
mechanisms, the risk of cancers originated from breast, ovary,
endometrium and colon (Beral et al. 2002). To date, however,
the precise mechanism(s) by which oestrogen affects carcino-
genesis remains unclear.

The Third National Health and Nutrition Examination
Survey (Morris et al. 2000) suggested that higher oestrogen
status is associated with decreased serum total homocysteine
(tHcy) concentration and a series of trials evaluating the
effect of oestrogen have subsequently demonstrated that
oestrogen can reduce tHcy in postmenopausal women
(Tutuncu et al. 2005). Since Wu & Wu (2002) proposed
that elevated tHcy can be a risk factor for cancer as well
as an important tumour marker, it is, however, not clear

what role the oestrogen-related decrease in tHcy plays in
the risk of disease.

DNA methylation is a major epigenetic mechanism of DNA
known to be modulated by nutrients involved in the folate-
mediated pathway (Choi & Friso, 2006; Ulrich, 2006). There-
fore, we ought to investigate a potential mechanism by which
oestrogen may reduce tHcy, in view of the evidence that this
lowering effect on tHcy is similar to that observed by sup-
plementation with folic acid and/or other B-vitamins, which
are regarded as putative chemopreventive agents (Kim,
2003; Biasco & Di Marco, 2005; Kane, 2005). We also inves-
tigated the subsequent molecular effects of reduced tHcy
induced by ERT, considering that a reduction of tHcy affects
DNA methylation, which is a well-described mechanism for
carcinogenesis, and tHcy concentration reflects the coordinate
regulation of one-carbon metabolism (Selhub & Miller, 1992),
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which has two critical pathways for carcinogenesis, DNA
methylation and nucleotide synthesis (Choi & Mason, 2000).
In the present study we evaluate the effect of ERT on one-

carbon metabolism biomarkers, including DNA methylation,
in order to establish a potential candidate mechanism by
which ERT exerts its role in carcinogenesis.

Experimental methods

Study subjects

The study protocol was approved by the Institutional Review
Board of Tufts-New England Medical Center, Boston, MA,
USA. Study candidates provided written informed consent
and underwent a screening visit consisting of an interview
including past and present medical history, physical examin-
ation, registration of vital signs, electrocardiogram and labora-
tory tests. Postmenopausal status was determined as absence
of menstrual periods for more than 1 year. Exclusion criteria
were a positive history of CHD and/or thromboembolism,
liver or kidney disease, diabetes mellitus, thyroid dysfunction,
history of cancer of the breast, uterus or cervix. In addition,
women who smoked or drank more than two alcoholic
drinks per week were excluded from the study. Subjects
were also instructed to stop their daily regimen of multivita-
mins and nutritional supplements, where applicable. Women
who had previously been on an ERT regimen were asked to
stop their treatment for at least 3 months before entering
into the study.
The present study was designed as a placebo-controlled,

double-blind, randomized, cross-over study consisting of two
different phases, placebo and conjugated equine oestrogen
(CEE; 0·625mg/d; Lamon-Fava et al. 2003). Oestrogen repla-
cement was provided as oral tablets containing 0·625mg CEE
while placebo consisted of a tablet identical to the active CEE
tablet, but without the active compound. The study compli-
ance was assessed by tablet counting at the end of each
phase: greater than 80% compliance was observed in all
subjects.
Thirteen healthy postmenopausal women (age 57((SD 6)

years; weight 69·9 (SD 12·3 kg)) were enrolled into the study.
Each phase lasted 8 weeks and phases were separated by at

least a 4-week wash-out period, which was defined by pre-
vious studies as an appropriate time frame for the disappear-
ance of oestrogen-induced biological effects (Koh et al.
1997). At week 8 of each phase, blood was drawn after a
12-h fast to measure plasma tHcy, plasma pyridoxal-50-phos-
phate (the active form of vitamin B6), serum folate and vita-
min B12 concentrations. DNA was extracted from peripheral
blood mononuclear cells to measure genomic and promoter
DNA methylation.

Biochemical analyses

Total plasma homocysteine was determined by HPLC with a
fluorometric detection method (Vester & Rasmussen, 1991).
Plasma vitamin B6 (as its active form pyridoxal 50-phosphate)
was determined enzymatically using tyrosine decarboxylase
(Camp et al. 1983). Serum folate and vitamin B12 concen-
trations were determined by a radioassay method using a

commercially available kit (Quantaphase II B12/folate radio-
assay; Bio-Rad, Hercules, CA, USA).

Genomic DNA methylation measurement

Genomic DNA methylation was determined by liquid chroma-
tography/MS (Friso et al. 2002).

Briefly, 1mg DNA was hydrolysed by sequential digestion
with three enzymes, nuclease P1 (Fisher Scientific, Pittsburgh,
PA, USA), phosphodiesterase I (Sigma, St Louis, MO, USA)
and alkaline phosphatase (Sigma). The hydrolysed DNA
solution was delivered onto the analytical column (Supelco,
Bellefonte, PA, USA) in isocratic mode. Electrospray ioniz-
ation MS was performed in positive ion mode (Agilent, Bill-
erica, MA, USA). Identification of 5-methylcytosine was
obtained by MS analysis of chromatographic peaks. The isoto-
pomer, methyl-D3, ring-6-D1 5-methyl-20-deoxycytidine
(Cambridge Isotope Laboratories, Andover, MA, USA), was
used as an internal standard allowing the quantification of
absolute amounts of the methylated cytosine residues in geno-
mic DNA (ng 5-methylcytosine/mg DNA).

Promoter DNA methylation measurement

Promoter DNA methylation of the oestrogen receptor (ER)a,
ERb and p16 genes was analysed by a methylation specific-
PCR technique as described in previous reports (Sasaki et al.
2002).

Statistical analysis

The statistical computations were performed with SPSS statisti-
cal software package version 13.0 (SPSS Inc, Chicago, IL,
USA). Distribution of variables was assessed for normality. Dis-
tributions of continuous variables such asDNAmethylation data
were expressed as mean values and standard deviations. Logar-
ithmic transformationwas performedon all the skewedvariables
to normalize their distribution. Therefore, geometric means
(antilogarithms of the transformed means) are presented for
tHcy, folate, vitamin B6 and vitamin B12. All variables were
compared between CEE and placebo phases by Student’s
paired samples t test. All P values were two-tailed, and values
of P,0·05 were considered to indicate statistical significance.
All CI were calculated at the 95% level.

Results

Plasma tHcy concentrations were significantly decreased
during the CEE phase compared with the placebo phase
(P¼0·032, by paired samples Student’s t test) (Table 1).
Mean tHcy concentration during the placebo phase, 9·29
(7·53–11·35) mmol/l, was within the range considered as
normal (Stabler & Allen, 2004) and the CEE treatment
reduced the value of tHcy to 8·08 (6·82–9·39) mmol/l. A sig-
nificantly increased level of genomic DNA methylation in per-
ipheral mononuclear cells was observed after the CEE phase
compared with the placebo phase (2·85 (SD 0·12) ng methylcy-
tosine/mg DNA v. 2·40 (SD 0·15), P¼0·042, by paired samples
Student’s t test) (Fig. 1).

In spite of changes in genomic DNA methylation, there was
no significant difference in the promoter DNA methylation of
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the ERa, ERb and p16 genes between the CEE and placebo
phases. Serum folic acid, vitamin B12 and plasma vitamin
B6 concentrations (Table 1) also showed no significant differ-
ence between the two phases.

Discussion

ERT has been observed to be associated with the risk of
major cancers (Beral et al. 2002). However, past studies
have not been able to explain the mechanism(s) that can sup-
port such association. Interestingly, most, but not all (Farag
et al. 2003) studies have demonstrated that ERT reduces
plasma tHcy concentrations (Tutuncu et al. 2005). Since B-
vitamin status is a major determinant of plasma tHcy,
whose levels reflect those of intracellular S-adenosylhomo-
cysteine (SAdoHcy), a compound that can affect cellular
DNA methylation (Yi et al. 2000), we investigated
whether the homocysteine-reducing effect of ERT is related
to B-vitamin status and whether reduced tHcy levels induced

by ERT affect DNA methylation status, either genomic or
gene-specific, both of which are well-described mechanisms
for carcinogenesis.

The remethylation pathway in one-carbon metabolism con-
verts homocysteine to methionine using a folate- and vitamin
B12- dependent methionine synthase reaction (Selhub &
Miller, 1992). The transsulfuration pathway also condenses
homocysteine with serine to form cystathionine in an irrevers-
ible reaction catalysed by the vitamin B6-dependent cystathio-
nine-b-synthase reaction. Thus, these three B-vitamins are
major determinants of the two main pathways of homocys-
teine metabolism. In a randomized, double-blind, placebo-
controlled study, a 3-month treatment with oestrogen
decreased fasting tHcy, accompanied by a decrease in
plasma vitamin B6 but not folate and vitamin B12 (Smolders
et al. 2005). In another randomized placebo-controlled trial,
12-weeks of ERT also induced a 25% decrease in plasma vita-
min B6 but no changes in serum folate and vitamin B12 con-
centrations (Smolders et al. 2004). In the latter study,
fasting tHcy concentration was decreased by 12% but, inter-
estingly, post-methionine loading tHcy concentration was sig-
nificantly increased (Smolders et al. 2004). Compared with
these two studies, we found a significant decrease in tHcy
concentrations and non-significant changes in vitamin B6

during the ERT phase, as compared with the placebo phase.
It is possible that a treatment period of 8 weeks, such as
that of the present study, is not sufficient to induce vitamin
B6 depletion as compared with the 3-months length of the pre-
vious studies (Smolders et al. 2004, 2005). Dimitrova et al.
(2002), furthermore, reported that oestrogen increases
plasma concentration of glutathione, an end-product of the
transsulfuration pathway, by enhancing cysthationine b-
synthase activity.

Collectively, from these observations we can speculate that
oestrogen enhances the transsulfuration pathway, which needs
vitamin B6 as a cofactor. Sustained increase of this pathway
activity by ERT might induce vitamin B6 depletion, which
can cause a positive post-methionine loading test. In 1962,
Finkelstein reported that treatment with oestradiol signifi-
cantly increased the activities of methionine-activating
enzymes (Finkelstein, 1962), suggesting an effect of oestrogen
on the remethylation pathway. In the present study, however,
no changes in serum folate and vitamin B12 were observed,
consistent with other previous studies (Smolders et al. 2004,
2005).
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Fig. 1. Effects of oestrogen replacement therapy on genomic DNA methyl-

ation. A significant difference in genomic DNA methylation of peripheral

mononuclear cells is observed between the placebo and conjugated equine

oestrogen (CEE) phases; *P¼0·042. Genomic DNA methylation is rep-

resented by an absolute amount of 5-methylcytosine (mCyt) in genomic

DNA (ng mCyt/mg DNA). Values are expressed as means and

standard deviations. Statistical difference was evaluated by Student’s paired

samples t test. For details of subjects and procedures, see p. 618.

Table 1. Biochemical characteristics of the study group at the end of the placebo and oestro-
gen replacement therapy phases

(Mean values and 95% CI)

Placebo CEE

Mean 95% CI Mean 95% CI P value

S-folate (nmol/l) 10·80 8·75, 13·19 11·82 9·67, 14·43 NS
S-vitamin B12 (pmol/l) 420 376, 473 395 320, 488 NS
P-vitamin B6 (nmol/l) 54·05 36·96, 79·04 48·42 32·78, 71·52 NS
P-tHcy (mmol/l) 9·29 7·53, 11·35 8·08 6·82, 9·39 0·032

Statistical difference was evaluated by paired samples Student’s t test (n 13). Serum folate and vitamin B12

and plasma vitamin B6 and tHcy data are presented as geometric means (antilogarithms of the trans-
formed means) and 95% CI are reported with two-tailed P values. CEE, conjugated equine oestrogen.
For details of subjects and procedures, see p. 618.
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The regenerated methionine from homocysteine converts to
S-adenosylmethionine, which transfers its methyl group to the
50 position of cytosine for DNA methylation reaction and is
converted to SAdoHcy.
DNA methyltransferases bind SAdoHcy with higher affinity

than S-adenosylmethionine and they are, therefore, subject to
potent product inhibition by SAdoHcy. Under normal con-
ditions, SAdoHcy is hydrolysed by SAdoHcy hydrolase to
adenosine and homocysteine. However, this reaction is readily
reversible with equilibrium dynamics that favour SAdoHcy
synthesis rather than its hydrolysis. Thus, a chronic elevation
in plasma homocysteine levels usually has an indirect and
negative effect on cellular methylation reactions through a
concomitant increase in intracellular SAdoHcy levels (Yi
et al. 2000). Therefore, we hypothesize that a decreased
plasma tHcy concentration induced by oestrogen therapy
may diminish, indirectly, the intracellular SAdoHcy concen-
trations, thereby reducing the inhibitory effect of SAdoHcy
on DNA methylation and increasing cellular genomic DNA
methylation. To the best of our knowledge, this is the first
observation demonstrating that decreased tHcy by ERT
increases genomic DNA methylation.
DNA methylation, more specifically the transfer of a methyl

group at the carbon-50 position of cytosine at 50-CpG-30 dinu-
cleotides residues, is an epigenetic phenomenon, which is
involved in gene expression and genome integrity. While meth-
ylation within gene regulatory elements, such as promoters,
generally suppresses the gene function, methylation within
gene-deficient regions such as pericentromeric heterochromatin
maintains the conformation and integrity of the chromosome.
Thus, the evaluation of DNA methylation status is important
for the study of carcinogenesis (Friso & Choi, 2002). A
decreased level of genomic DNAmethylation is a nearly univer-
sal finding in tumorigenesis and appears early in carcinogenesis
and generally precedes the mutation and deletion events that
occur later in the evolution of cancer (Goelz et al. 1985).
Although rodent studies have suggested that genomic DNA
hypomethylation by itself can induce cancer (Gaudet et al.
2003), we do not know whether the mechanism that mediates
the ERT-related increases in genomic DNA methylation in per-
ipheral mononuclear cells is related to reduced risk of colon
cancer or enhanced risk of breast cancer. Since the effect of
tHcy on DNA methylation is highly tissue-specific (Choumen-
kovitch et al. 2002), we also cannot entirely explicate whether
our observation is specific for peripheral mononuclear cells.
Nevertheless, the observation that ERT alters genomic DNA
methylation status is very meaningful because it suggests a can-
didate mechanism as well as a new biomarker for the study of
oestrogen-related carcinogenesis.
In both reproductive and non-reproductive tissues, oestro-

gen regulates cell growth and differentiation through ER,
which have a critical role in breast and colorectal carcinogen-
esis (Fiorelli et al. 1999). There are two types of ER, a and b,
which show differential expression in various tissues. Studies
have suggested that the chemopreventive effect of ERT in
colonic carcinogenesis is associated with an increase in ERb
and a decrease in ERa expression (Weyant et al. 2001). Issa
et al. (1994) reported that one of the earliest events that pre-
disposes to sporadic colorectal carcinogenesis is the
inactivation of ER genes by promoter methylation. Other can-
cers originated from breast, endometrium and prostate also

showed a relationship between the promoter methylation and
loss of expression in ER genes (Sasaki et al. 2002). We,
therefore, evaluated the promoter methylation status of ERa
and ERb along with p16, a tumour suppressor gene frequently
found to be hypermethylated in those cancers, but no signifi-
cant difference between the two phases was observed. This
negative observation suggests that: 1) in contrast to genomic
DNA hypomethylation, which can induce a compensatory pro-
moter hypermethylation, increased genomic DNA methylation
by ERT might not necessarily affect promoter methylation; 2)
8-week treatment with ERT in the present study might not be
long enough to change the promoter methylation; 3) signifi-
cant changes in promoter methylation of these genes might
be hardly found before cancer conversion; 4) response of pro-
moter methylation also might be tissue-specific.

One limitation of the study is the restricted number of subjects
and some of the endpoints, such as plasma vitamin B6 concen-
trations, likely due to this reason could not show statistically sig-
nificant differences between the placebo and ERT groups.

Yet in the present study, ERT indeed reduced tHcy concen-
tration in plasma with a concurrent increase in DNA methyl-
ation. Since DNA methylation is critical to carcinogenesis, the
altered DNA methylation may be a mechanism by which ERT
modulates the risk of cancer. The present study also suggests
that DNA methylation can be a good biomarker for the study
of oestrogen-related carcinogenesis.
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