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Abstract
Preeclampsia (PE) remains a major cause of maternal/fetal morbidity–mortality worldwide. The first stage of PE is characterized by
placental hypoxia due to a relative reduction in uteroplacental blood flow, resulting from restricted trophoblast invasion.
However, hypoxia is also an essential element for the success of invasion. Under hypoxic conditions, 2-methoxyestradiol (2-ME)
could induce the differentiation of cytotrophoblast cells into an invasive phenotype in culture. 2-Methoxyestradiol is generated by
catechol-O-methyltransferase, an enzyme involved in the metabolic pathway of estrogens. During pregnancy, circulating 2-ME lev-
els increase significantly when compared to the menstrual cycle. Interestingly, plasma levels of 2-ME are lower in women with PE
than in controls, and these differences are apparent weeks or even months before the clinical manifestations of the disease. This
article reviews the metabolic pathways involved in 2-ME synthesis and discusses the roles of these pathways in normal and abnor-
mal pregnancies, with particular emphasis on PE.
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Introduction

Preeclampsia (PE) remains a major cause of maternal and fetal

morbidity and mortality throughout the world, causing nearly

40% of premature births delivered before 35 weeks of

gestation.1 Preeclampsia complicates around 2% to 8% of all

pregnancies worldwide and, despite the amount of resources

invested in research and treatment of this disorder, it remains

difficult to accurately predict and almost impossible to prevent.

Preeclampsia is also a major risk factor for the development of

cardiovascular and cerebrovascular disease in later life.2,3

Preeclampsia is defined as the new onset of hypertension

during the second half of pregnancy accompanied by signifi-

cant proteinuria.4 However, it begins with an asymptomatic

phase during the first half of gestation characterized by defi-

cient trophoblast invasion and incomplete spiral artery remo-

deling. Both processes are related to the invasive potential of

the extravillous cytotrophoblast (EVCT) cells.5 A detailed

understanding of the underlying factors that explain this

process in normal pregnancies and in patients that subsequently

develop PE will help in the development of preventive and/or

early therapeutic interventions aimed to reduce the associated

morbidity and mortality during pregnancy and potentially also

the long-term sequelae associated with PE.

It has been suggested that PE constitutes a clinical spectrum

that includes 2 distinct conditions: ‘‘maternal PE’’ and ‘‘pla-

cental PE.’’6 In this model, placental PE refers to otherwise

healthy women who develop PE primarily because of abnormal

placentation, whereas maternal PE refers to women who

develop PE because of a preexisting condition such as cardio-

vascular disease, chronic arterial hypertension, or diabetes,

without abnormal placentation. Placental PE, which results

from poor trophoblast invasion, generates oxidative stress at

the maternal–fetal interface, leading to the release of various

factors from the hypoxic trophoblast cells into maternal circu-

lation, which induces an inflammatory response and general-

ized epithelial dysfunction.7 In clinical practice, however, it

is likely that the majority of patients with PE have elements

of both pathologic entities. This difference explains at least

in part the great variability in the gestational age at presentation

and severity of this syndrome.

Preeclampsia is a multifactorial pregnancy-specific disease

that involves the failure of various body systems and whose
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etiology has been associated with multiple causes. It is impor-

tant to consider all possible interactions between metabolic

pathways involved in the development of this disease in order

to have a better understanding of the complexity of the patho-

physiology of PE.

Etiopathogenesis of PE: A Placental Disease

Despite recent research advances, the pathophysiology that

triggers the disease is still not clearly elucidated. Nevertheless,

it seems clear that the development of PE requires the presence

of a placenta, since the clinical syndrome will not develop in

the absence of a placenta, and it disappears soon after placental

delivery.8 It is also widely accepted that the pathophysiological

process of PE begins with inadequate trophoblast invasion

early in pregnancy, which produces increased oxidative stress

contributing to the development of systemic endothelial dys-

function in the later phases of the disease. This leads in turn

to the characteristic clinical manifestations of PE, which

include hypertension, proteinuria, and nondependent edema.

In normal placentation, during the first weeks of gestation

after the blastocyst makes contact with the maternal decidua,

the cytotrophoblast cells proliferate to form cell columns that

intrude into the maternal tissues.9 From the tips of these

anchoring villous structures, EVCT cells derived from this pro-

liferating cytotrophoblast invade the maternal decidua and dif-

ferentiate further into interstitial and endovascular trophoblast

cells. The invasion process begins at the center of the placental

bed and expands progressively outward toward the lateral areas

in the shape of a ring. During interstitial invasion, the compact

decidual tissue is ‘‘swamped’’ by interstitial EVCT cells that,

from 8 weeks onward, can be seen both clustered around blood

vessels and in the inner myometrium zone of the placenta, at

which point they stop invading.10 At the same time, endovascu-

lar trophoblast cells migrate into the maternal spiral arteries in

order to plug these vessels. During this period, the embryo is

nourished primarily by the endometrial glands of the maternal

decidua and exists in an environment that is relatively hypoxic

and hypoglycemic. At around 10 to 12 weeks of gestation, the

trophoblast plugs begin to dissolve and endovascular tropho-

blast cells replace the maternal endothelial lining as far as the

inner third of the myometrium, degrading the muscular and

elastic component of the vessel walls. This results in the forma-

tion of low-resistance vessels required for the establishment of

the definitive uteroplacental circulation and for adequate fetal

growth9,11 (Figure 1). At this time, maternal blood begins to

flow into the intervillous space, where it takes over the

responsibility of nourishing the developing embryo. A relative

reduction in uteroplacental flow due to deficient trophoblast

invasion and failure of the maternal spiral arteries to undergo

vascular remodeling may be one of factors that triggers the

development of PE5,12 (Figure 1). This was first highlighted

by histopathological studies of the placental implantation site,

which showed that 80% to 100% of placentas from patients

with PE have a deficit of the physiological invasion of the

maternal spiral arteries by the EVCT, whereas this finding was

rarely observed in placentas from normotensive patients.13,14

It has been postulated that the physiological change that favors

the invasive phenotype of EVCT cells is due to the exposure of

cytotrophoblast cells to a hypoxic environment. The normal con-

centration of oxygen in the first trimester placenta is around 3%
O2 (+18 mm Hg), and this low oxygen milieu is believed to facil-

itate trophoblast invasion.15 In the normal placentation process,

cytotrophoblast invasion is regulated by the gradient of oxygen

concentration between the placenta and maternal arteries. More-

over, the hypoxic environment in which the cytotrophoblast exists

at the beginning of placentation changes gradually to a normoxic

environment as invasion proceeds.16

The hypoxic placental environment during the first trimester

induces an adaptive response that is accompanied by an

increase in the expression of a variety of genes within the tro-

phoblast. These genetic responses are designed to optimize cell

survival in a hypoxic environment and are regulated by a com-

mon oxygen-sensing factor, hypoxia-inducible factor 1 (HIF-

1).17,18 This inducible factor is a basic helix-loop-helix PAS

(from per, ARNT, and sim, the first genes that contain this

motif) transcription factor that binds to DNA as a heteromeric

complex composed of 2 subunits the constitutively expressed

HIF-1b, and HIF-1a, which are expressed only under hypoxic

conditions and are rapidly degraded by the proteosome when

oxygen conditions return to normal.19 The expression of HIF-

1a parallels the expression of transforming growth factor b3

(TGF-b3), which inhibits the differentiation of the EVCT to

an invasive phenotype.20 It has also been found that antisense

inhibition of HIF-1 downregulates TGF-b3 messenger RNA

(mRNA) expression in villous explants.20 Such suppression

of TGF-b3 is associated with inhibition of tissue inhibitor of

metalloproteinases (TIMPs) that could produce an imbalance

in the synchronized expression patterns of matrix metallopro-

teinases, leading to a more restricted invasion of the tropho-

blast, such as that found in PE. The TIMPs have also been

reported to directly inhibit cytotrophoblast invasion.21 More-

over, increased expression of HIF-1a, TGF-b3, and TIMP-2

has been observed in placentas from patients with PE, in com-

parison with the much lower levels of expression in placentas

of women with normotensive pregnancies.22

Hypoxia is an essential element for the success of trophoblast

invasion, but it does not seem to be the sole regulator of this

process. Lee et al recently established that in cell cultures under

hypoxic conditions (2.5% oxygen), 2-methoxyestradiol (2-ME),

a natural metabolite of 17b-estradiol synthesized by the

catechol-O-methyltransferase (COMT) enzyme, induces the

differentiation of the cytotrophoblast to an invasive phenotype,

thereby allowing for more effective invasion of an extracellular

matrix.22 Moreover, the differentiation of these cells was not

observed under hypoxic conditions in the absence of 2-ME or

by incubation with 2-ME in normoxia.23 These results suggest

that appropriate invasion of the trophoblast depends not only

on levels of hypoxia but also on the concentration of 2-ME.

In support of this hypothesis, mice genetically deficient for

COMT (COMT�/�) show an abnormal accumulation of
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HIF-1a protein predominantly in the placenta, an effect that

was reversed by the administration of 2-ME.24 It has also been

suggested that 2-ME counteracts the deleterious effects of HIF-

1a-mediated gene expression in the placenta by inhibiting

TGF-b3 gene expression and enabling cytotrophoblasts to

transdifferentiate into an invasive phenotype. Lee et al have

described that, under hypoxia, the expression of HIF-1a and

TGF-b3 was decreased.22 These observations are in line with

other studies that assigned a deleterious role to HIF-1a accu-

mulation in the placenta20 and suggest that diminished COMT

and 2-ME levels could contribute to the elevation of placental

HIF-1a. These data also highlight the potential beneficial

effects of the use of 2-ME in patients at risk of abnormal

trophoblast invasion.

2-Methoxyestradiol and Its Relationship
With PE

2-Methoxyestradiol is a naturally occurring metabolite of estra-

diol. It is generated by the hydroxylation of 17b-estradiol at the

2-position by the enzyme, cytochrome P450, and subsequently

by the O-methylation of the catechol ring by the enzyme,

Figure 1. Invasion process scheme during early normal and abnormal pregnancy. A, In normal placentation, EVCT cells derived from prolifer-
ating cytotrophoblast invade the maternal decidua and differentiate into interstitial and endovascular trophoblast cells. This process involves
critical metabolic pathways necessary for adequate EVCT invasion. During interstitial invasion, the compact decidual tissue is ‘‘swamped’’ by
interstitial EVCT cells that cluster around blood vessels and in the inner third myometrium zone of the placenta. At the same time, endovascular
trophoblast cells migrate into the maternal spiral arteries in order to replace the maternal endothelial lining as far as the inner third of the myo-
metrium, degrading the muscular and elastic component of the vessel walls. This results in the formation of low-resistance vessels that are
required for the establishment of the definitive uteroplacental circulation and for adequate fetal growth, as can be seen in normal pregnancy.
B, Alterations in one or more of the critical metabolic pathways involved in the normal invasive process (eg, prolonged hypoxia during invasion
process; low 2-ME levels at implantation time due to alteration in COMT enzyme activity, SAM/SAH levels, and/or MHM pathway alteration;
17b-estradiol level alteration due to an aromatase pathway alteration; angiogenic or matrix remodeling imbalance) may result in a reduction of
uteroplacental flow due to deficient trophoblast invasion and failure of the maternal spiral arteries to undergo vascular remodeling. This could
trigger other local alterations during the second trimester of pregnancy that ultimately contribute to the development of PE. EVCT indicates
extravillous cytotrophoblast; PE, preeclampsia; 2-ME, 2-methoxyestradiol; COMT, catechol-O-methyltransferase; HIF-1a, hypoxia-inducible fac-
tor-1a; TGF-b3, transforming growing factor-b3; MHM, methionine–homocysteine metabolism; TIMP, tissue inhibitor of metalloproteinases;
MMP, matrix metalloproteinases.
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COMT. 2-Methoxyestradiol has low estrogenic activity, because

it has a 500- and 3200-fold lower affinity than 17b-estradiol for

the estrogen receptors a and b, respectively.25 In the last decade,

a number of additional action mechanisms have been described

for 2-ME, including the inhibition of proliferating tumor cells,25,26

antiangiogenic activity,27 selective disruption of intracellular

microtubules,28,29 and the selective inhibition of HIF-1a activ-

ity.30 Taken together, these features suggest that 2-ME may be a

potent anticancer drug,31 and it is currently being tested in a num-

ber of phase I and phase II clinical trials in patients with metastatic

breast cancer, prostate cancer, and various other solid tumors.32,33

To date, these trials have shown that 2-ME is well tolerated in

humans and has no major toxic effects, even at high doses.

Related to pregnancy, 2-ME has been postulated as a

molecule that helps maintain placental homeostasis through the

regulation of the cytotrophoblast invasion process during the

first stage of pregnancy (first trimester), due to its capacity to

induce cytotrophoblast differentiation to an invasive endovas-

cular phenotype, under hypoxic conditions.22 It has also been

hypothesized that in the presence of low 2-ME concentrations

and placental hypoxia (as observed in PE), cytotrophoblast

cells remain with the noninvasive phenotype, associated with

a minimal invasive capacity, resulting in a deficient trophoblast

invasion as observed in preeclamptic placentas.22

However, the physiological mechanism underlying 2-ME

actions are not clearly understood. Throughout the menstrual

cycle, picomolar concentrations of 2-ME can be detected in

plasma during both the follicular and luteal phase. During nor-

mal pregnancy, 2-ME levels increase more than 1000-fold

(11th-16th weeks: 0.67 [range between 0.21 and 1.67] ng/

mL; 37th-40th weeks: 3.76 [range between 2.03 and 10.69]

ng/mL).34 More recently, Barnes et al have described that there

is an increase in fetal cord blood 2-ME levels at term of

pregnancy (24th–32nd weeks: 62 [range between 38 and 149]

pg/mL; 33rd–36th weeks: 72 [range between 43 and 148] pg/

mL; 37th–41st weeks: 203 [range between 97 and 509] pg/

mL).35 Kanasaki et al have reported that circulating levels of

2-ME during the third trimester of pregnancy are significantly

decreased in women with a diagnosis of PE when compared to

women with normotensive pregnancies.24 Recent data from our

laboratory have shown that 2-ME levels in early pregnancy

may also be able to predict the subsequent development of

PE, since plasma 2-ME levels at 11 to 14 weeks of gestation

were decreased in women who later developed PE (PE: 1.87

+ 2 pg/mL vs normotensive controls: 61.73 + 27 pg/mL, P

< .05).36 Despite these differences, the mechanisms responsible

for this reduction are not known. This last step is essential in

order to determine whether 2-ME can be used as a potential

therapeutic intervention to prevent or treat PE. Several possible

explanations exist: (1) decreased expression and/or activity of

the COMT enzyme; (2) decreased bioavailability of S-adeno-

sylmethionine (SAM), a methyl donor for COMT, which could

be due to the presence of single genetic variants in key enzymes

in the methionine–homocysteine pathway that reduce the

bioavailability of methionine and SAM or increase levels of

homocysteine and/or S-adenosylhomocysteine (SAH); or (3)

decreased bioavailability of 17b-estradiol likely due to an

alteration in the aromatase pathway (Figure 2). These are

discussed in further details below.

Alteration in COMT Expression and/or Activity

As described, 2-ME is synthesized by COMT (Figure 2). This

enzyme catalyzes the O-methylation of catechol estrogens. The

COMT transfers a methyl group from SAM to one of the hydro-

xyl groups of the catechol substrate in the presence of magne-

sium.37 S-Adenosylmethionine is the principal methyl donor

inside cells and the methyl groups are key factors for DNA con-

trol of cellular proliferation, cellular migration, differentiation,

and cell–cell recognition. The production of 2-ME depends on

the bioavailability of SAM and 2-hydroxyestradiol as substrates.

In this reaction, COMT also produces SAH, a natural occurring

noncompetitive inhibitor of COMT. Through this, COMT is

involved in the metabolic pathway of estrogens and has a critical

role in the methionine–homocysteine metabolic (MHM) cycle.

In humans, there is a single gene for COMT, which has been

localized to chromosome 22, band q11.2. This single gene codes

for 2 enzymes soluble COMT (S-COMT) and membrane-bound

COMT (MB-COMT). Both S-COMT and MB-COMT are con-

sidered different enzymes and not simply 2 isoforms of the same

enzyme, because MB-COMT is not a precursor of S-COMT.37

These 2 proteins have a ubiquitous and constitutive expression

that is distinct for each tissue, including liver, kidney, brain,

uterus, placenta, mammary gland, lymphocytes, and erythro-

cytes.37 Both S-COMT and MB-COMT can be differentiated

by their distinct molecular weights (24 and 30 kDa, respec-

tively), but available antibodies are not able to distinguish

between these 2 proteins. Palmer et al have reported that COMT

enzyme was mainly expressed in the syncytiotrophoblast layer

and that placental COMT expression was not altered in severe

PE compared to term or preterm normotensive pregnancies.38

Preliminary results of our group, in accordance with Palmer

results, show that there are no significant differences in placental

COMT protein expression between control and PE patients

(unpublished data). With regard to enzyme activity, both

enzymes have identical kinetics and a common functional

single-nucleotide polymorphism (SNP; rs4680) in codon 108

of S-COMT and codon 158 of MB-COMT.39 Since the COMT

gene is characterized by autosomal codominant alleles, this SNP

leads to a 3- to 4-fold variation in COMT activity in erythrocytes

and liver. The transposition of adenine to guanine at this position

gives 1 of 3 different functional variants: that associated with

low activity (COMT Met/Met), intermediate activity (COMT

Val/Met), or high activity (COMT Val/Val).40 Furthermore,

converging lines of evidence suggest that alterations in the

activity of COMT may play an important role in the etiology,

development, and expression of different diseases, as has been

demonstrated for a number of mental disorders and pregnant-

related diseases such as fetal growth restriction and PE.39,41 As

described above, Kanasaki et al were able to generate a PE-

like phenotype (characterized by hypertension, proteinuria, and

increased expression of HIF-1 and soluble fms-like tyrosine
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kinase 1) in a murine COMT (COMT�/�) knockout model,

recently confirmed by Stanley et al, which also has low plasma

2-ME concentrations.24,42 Low plasma 2-ME concentrations

were associated with absent placental expression of both variants

of COMT, S-COMT and MB-COMT. These findings are in

keeping with others that have shown a decrease in COMT

activity in patients with gestational hypertension.43

Recently, Roten et al showed that the low activity haplotype

of the COMT enzyme confers a genetic risk of the development

of severe PE in a Norwegian cohort.44 Similarly, Lim et al study-

ing the Val158Met COMT SNP showed that the Met/Met allele

of the maternal COMT gene may increase susceptibility to PE.45

More recently, Liang et al have found similar results in the South

West Chinese population.46 However, conflicting studies have

also appeared and when discussing polymorphisms, it is of high

importance to consider not only the sample number in the study

but also the origin of the population being studied. Hill et al car-

ried out an allelic variation study of 4 SNPs associated with

altered COMT enzyme activity in a Chilean population.47 They

found that the maternal low-enzyme activity-related haplotype

was associated with a reduced risk of developing PE, and that the

risk increased linearly from low-activity to high-activity–

associated haplotypes. Our group has recently reported, in a Chi-

lean population, that the placental Val158Met polymorphism

was more frequent in controls than in patients with PE, and the

presence of this COMT polymorphism in the placenta was asso-

ciated with a decreased risk of developing PE (PE: 23.1% vs

control: 66.6%; w2 ¼ 10.97, P ¼ .0041).36

The MHM Pathways and Their Relation to 2-ME
Synthesis in PE

Methionine–homocysteine metabolism plays a critical role in

determining the availability of folate and methionine, which

are essential for placental and fetal development. Defects in

this pathway reduce the availability of methionine, which is

needed for cellular growth. Methionine is transformed into

homocysteine through successive reactions that involve the

production of SAM and SAH (Figure 2A).

Homocysteine is metabolized by 2 pathways: trans-sulfuration

(TS) and remethylation (RM); the latter is the most important and

most common metabolic pathway. In TS, homocysteine is meta-

bolized into cysteine and a-ketoglutarate by the action of

cystathionineb-synthase and cystathionase, and using pyridoxine

Figure 2. Methionine–homocysteine and aromatase pathways and their involvement in 2-ME synthesis. A, The THF obtained through diet,
produces methionine through the remethylation pathway (where MTHFR, MTRR, and MTR are involved) which when added to the diet-
supplemented methionine, generates SAM, the main methyl group donor in the methylation reaction. The COMT is a SAM-dependent enzyme
that catalyzes the conversion of 2-hydroxyestradiol into 2-ME. B, Androstenedione and testosterone are converted into estrone and 17b-estra-
diol, respectively, through the action of aromatase. 17b-Estradiol is converted by CyP450 into 2-hydroxyestradiol, the substrate used by COMT
for the synthesis of 2-ME. Low levels of 2-ME observed in patients with PE could be explained, among others, by (1) the decreased expression/
activity of the COMT enzyme; (2) a decrease in the bioavailability of SAM, likely due to alterations in the methionine–homocysteine pathway that
reduce the availability of methionine and SAM, or increase levels of homocysteine and SAH; (3) a decrease in the bioavailability of 17b-estradiol
likely due to an alteration in the aromatase pathway. THF indicates tetrahydrofolate; MTHFR, methylenetetrahydrofolate reductase; MTR,
methionine synthase; MTRR, methionine synthase reductase; Vit B12, vitamin B12; SAM, S-adenosylmethionine; SAH, S-adenosythomocysteine;
2-ME, 2-methoxyestradiol; PE, preeclampsia; CyP450, cytochromeP450.
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as a cofactor, as shown in Figure 2A. In RM, homocysteine is con-

verted into its precursor, methionine. Methionine synthase

(MTR) uses vitamin B12 and methyltetrahydrofolate as a cofactor

and carbon donor, respectively,48 to convert homocysteine into

methionine. The activation of MTR needs the MTR reductase

enzyme that catalyzes the generation of reduced vitamin B12, a

molecule required for the maintenance of functional MTR.48,49

The critical enzyme in RM of homocysteine is methylenetetrahy-

drofolate reductase (MTHFR), because it makes folate available

to be used as a methyl group donor.48 On the other hand, methio-

nine (obtained from diet or through the remethylation pathway) is

the precursor of SAM. When SAM, in turn, donates a methyl

group for the methylation reaction it converts into SAH, a precur-

sor of homocysteine (Figure 2A).

The literature indicates that, in normal pregnant women, basal

and nonfasting plasma concentrations of homocysteine are low

in the first trimester of pregnancy and decrease even further in

the second half of gestation.50-52 The reasons for this decrease

are not absolutely understood and several hypotheses have been

proposed, including a physiological response to hormonal influ-

ences, changes in maternal intake of dietary proteins, changes in

concentrations of amino acids or albumin, hemodilution due to

the plasma volume expansion in pregnancy, supplementation

with folic acid, and/or the increase in fetal and maternal demands

for methionine and homocysteine.50-53 In patients with

preeclampsia, there is strong evidence that plasma homocysteine

concentration is increased,54-57 and pregnant women with

hyperhomocysteinemia have a 7.7-fold risk of developing PE

(confidence interval [CI] 95%: 1.7-34.8) as compared to normo-

tensive controls,58 suggesting that homocysteine may be a useful

predictor of the disease. This hypothesis was tested by Cotter

et al who observed higher plasma homocysteine levels in early

pregnancy in women who subsequently developed severe PE,

and postulated that hyperhomocystinemia is a risk factor and

good predictor for severe PE.59 Robertson et al conducted a

systematic review of 25 studies (n ¼ 11 183) to investigate the

association between inherited thrombophilias and the risk of

adverse pregnancy outcomes, including PE. They reported that

the risk of PE was significantly higher in the presence of

MTHFR homozygosity (MTHFR T/T) and hyperhomocysteine-

mia; the MTHFR C677T SNP had an odds ratio (OR) of 1.37

(95% CI, 1.07-1.76) and hyperhomocysteinemia an OR of

3.49 (95% CI, 1.21-10.11) for developing PE.60 Our laboratory

results show that the G allele of the MTR A2756G polymorph-

ism was more frequent in controls than in patients with PE.

(control: 70.4% vs PE: 37.5%, P ¼ .036; OR of 0.252, 95%
CI 0.079-0.813; unpublished data.) These results suggest that the

presence of this polymorphism could be a protective factor

against the development of PE.

Some alterations in the MHM pathway could be caused by

polymorphisms in other genes that code for enzymes participat-

ing in the various pathways or by deficits in one or more of the

diverse cofactors involved.49 A review of these alternative

pathways has been published elsewhere.61

In 2010, Shenoy et al hypothesized that there is a connection

between angiogenic and metabolic pathways in the development

of PE. They proposed that high levels of homocysteine could

mediate inhibition of COMT, due to an increase in SAH produc-

tion, a potent COMT inhibitor. An accumulation of SAH, and a

consequent inhibition of COMT, could decrease deactivation of

endogenous catecholamines, which in turn could cause an

overactivation of the sympathetic nervous system leading to

an increased risk of cardiovascular morbidity and mortality. In

accordance with this hypothesis, if hyperhomocysteinemia

inhibits COMT activity through SAH overproduction, it might

also suppress COMT production of 2-ME. This could lead to

an increase in antiangiogenic factors and vascular defects in the

placental bed.62 However, there is no causative evidence that

directly connects all the components of this hypothesis. Thus,

more research is still needed to elucidate how all the components

presented here might explain the development of PE.

The Aromatase Pathways and Their Relation to 2-ME
Synthesis in PE

Although the altered synthesis of 2-ME has become an important

consideration over the past 3 years, it is also important to take into

account the complex metabolic pathways upstream of 2-ME.

As shown in Figure 2B, 2-ME levels depend directly on

circulating levels of 17b-estradiol, which in turn are determined

by levels of testosterone and estrone. During the last decade, mul-

tiple studies have measured the levels of androgens in PE. Most of

them have established that the circulating levels of testosterone

and androstenedione are increased in PE compared to normoten-

sive pregnancies.63-65 These data have led to suggestions that

hyperandrogenism is a risk factor for the development of PE.64

Despite the limited number of studies evaluating estrogen

levels in PE, it is possible to infer that not only are androgen

levels altered in patients with PE, but also the testosterone/

estradiol ratio (T/E2) is increased.66-68 The T/E2 is considered

a measure of the functionality of aromatase, the enzyme that

catalyzes, among other reactions, the conversion of testoster-

one into estradiol. Recently, more accurate methods have been

used to measure steroids, such as gas chromatography/mass

spectrometry (GC/MS), which allows the identification and

more specific quantification of androgens, estrogens, and their

metabolites and is considered one of the most sensitive steroid-

measuring techniques with a limit of detection of 10 pg/mL.

This is an important advance since the molecular structure of

each component of these steroid groups is highly homologous,

thus making their identification difficult. Using GC/MS, Hertig

et al measured the concentration of androgens, estrogens, and

2-ME in the plasma of women with PE and controls.69 They

demonstrated that both 17b-estradiol and estrone are decreased

in PE, whereas the E2/T ratio is decreased (therefore, the T/E2

is increased), and concluded that these are related to the sever-

ity of the disease. They also reported that the precursors of

these metabolites, testosterone and androstenedione, respec-

tively, are not altered in PE, which is different from what has

been previously reported. Taken together, these results suggest

that the functionality of aromatase is altered in PE.69 Although

the evidence that plasma levels of these metabolites are altered
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in PE is compelling, the functional state of the aromatase

enzyme has not been directly examined in women with PE.

Aromatase is not only responsible for the conversion of

androstenedione into estrone and testosterone into 17b-estra-

diol70 but is also the rate-limiting enzyme in the synthesis of

2-ME69 since the production of 2-ME depends directly on

17b-estradiol concentrations (Figure 2B). This implies that

alterations in the functionality or bioavailability of aromatase

may affect the levels of 2-ME.

Aromatase is an enzyme complex located in the

endoplasmic reticulum and composed of 2 polypeptides: (1) a fla-

voprotein, nicotinamide adenine dinucleotide phosphate-P450-

reductase, expressed in all tissues and cell types of the body; and

(2) aromatase P450, expressed only in those tissues that synthe-

size estrogens, including the gonads, adipose tissue, certain brain

nuclei, and the placenta.70-73 Aromatase is coded by a unique

gene, CYP19, whose transcription is highly regulated through a

series of upstream tissue-specific gene promoters.71 Some of the

factors regulating the transcription of this enzyme in the placenta

are TGF-b3,74 tumor necrosis factor-a,75 retinoic acid,76 and oxy-

gen reactive species.77 All these molecules are differentially

expressed in PE. Supporting this idea, our group’s preliminary

results show that patients with preeclampsia have lower placental

aromatase RNA and protein than control patients (unpublished

data). Further experiments are needed to establish the role of

aromatase expression in the development of PE.

Aromatase activity is also regulated posttranscriptionally.

This enzyme complex has a heme group in its structure that

makes it susceptible to regulation by nitric oxide, just like other

enzymes that contain an iron atom in the prosthetic groups

(eg, hemoglobin, myoglobin, cytochrome c, and guanylyl

cyclase).78 The activity of aromatase is also regulated by

hypoxia. Jiang et al observed that both mRNA levels and aroma-

tase activity decrease when trophoblast cells are cultured under

hypoxia (2% O2) and return to normal when normoxia is reestab-

lished.79 Considering that placental hypoxia is one of the patho-

logic hallmarks of PE,80 these data provide an explanation as to

why aromatase expression and activity may be altered in PE.

Another way in which the expression and activity of this

enzyme can be altered is the presence of polymorphisms in the

gene coding for it.23,73,81 Single-nucleotide polymorphisms in the

region of exon 1.1 (placenta-specific aromatase regulator) are

associated with the changes in aromatase activity as well as altera-

tions in circulating levels of 17b-estradiol.23,82 Additionally,

SNPs in exon 9 and in the 30 region of the gene are associated with

the changes in affinity of the aromatase enzyme for its substrate

(androstenedione) and to alterations in circulating levels of 17b-

estradiol.82 These data suggest that the presence of SNPs in the

CYP19 gene might regulate aromatase expression and its activity.

Other Considerations

Inactivation of 2-ME

Considering that diminished circulating levels of 2-ME are

found in patients with preeclampsia, even during the

asymptomatic phase of the disease, it is relevant to study the

possible alterations in the degradation pathway of this estradiol

metabolite.

Estrogen, and its metabolites, inactivation occurs, in part, as

a result of sulfate conjugation catalyzed by sulfotransferase

(SULT) enzymes. More specifically, 2-ME is mainly inacti-

vated by SULT1A183,84 and SULT1E1.85 Sulfotransferase

1A1 is the most highly expressed hepatic SULT,84 whereas

SULT1E1 is expressed in many human tissues such as liver,86

testes,87 and endometrium.88 Both enzymes, SULT1A1 and

SULT1E1, inactivate 2-ME at physiological concentrations84

and have functional SNPs that can alter their enzymatic

activity.84,85

Currently, there is no evidence of alterations in SULT

enzymes that might account for altered 2-ME levels related

with PE development. This is an unexplored field in the study

of possible factors involved in PE development that would be

addressed with particular interest.

Conclusions

During pregnancy, 2-ME levels increase significantly when

compared to levels during the menstrual cycle; however,

plasma levels of 2-ME are lower in patients with clinical PE

when compared to normotensive pregnancies. The 2-ME levels

are also significantly lower during the first trimester of preg-

nancy (asymptomatic phase of PE) in patients that will go on

to develop this disease compared to normotensive pregnancies.

The possible factors involved in this imbalance are still being

researched. Alterations in the MHM or 17b-estradiol synthetic

pathway could explain, in part, the alteration in 2-ME synthesis

during pregnancy. Nevertheless, there are questions around

2-ME synthesis, signaling, and degradations, which are still

unresolved. Further studies are necessary to address these

questions that would help understand the role of this molecule

during normal pregnancy and its relationship with the develop-

ment of pregnancy-associated diseases such as PE, in order to

propose possible treatment strategies.
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