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Abstract

BACKGROUND: Experimental studies suggest that shallow uterine cytotrophoblastic invasion in
preeclampsia may be associated with alterations in estrogen metabolism. The objective of this
study was to examine the association of parent estrogens and their metabolites between
preeclamptics and hormotensive controls at three time points during pregnancy.

METHODS: Parent estrogens and their metabolites were measured in urine by high-performance
liquid chromatography-tandem mass spectrometry in 66 singleton preeclampsia cases and 137
matched controls. Percent change in geometric means were estimated by general linear models
adjusted for gestational age at sampling, maternal age, parity, race, body mass index, and use of
assisted reproductive technologies.

RESULTS: Urinary estradiol concentrations were approximately 50% higher in early pregnancy
in preeclampsia cases than controls, but similar late in pregnancy. There was an approximate 20%
reduction in total 2-pathway metabolites and 4-pathway metabolites in cases compared with
controls in mid- and later pregnancy that was slightly attenuated with adjustment for BMI, and a
reduction in 16-pathways in mid-pregnancy but not later.

CONCLUSION(s): Our findings show that estradiol concentrations were elevated in
preeclampsia versus controls in early pregnancy. In mid-pregnancy, all three estrogen metabolism
(2-, 4-, and 16-) pathways showed some reduction in preeclampsia that appeared to continue for
the 2- and 4-pathways in late pregnancy. We hypothesize that this may indicate that there is a
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generalized reduction in estrogen metabolism in preeclampsia rather than a deficit of specific
enzymes, such as those involved in the 2-hydroxylation pathway.

Keywords

estradiol-17p metabolites; estrogen metabolism pathways; preeclampsia; LC-MS/MS; urine

Introduction

Preeclampsia is characterized by new-onset or worsening hypertension and significant
proteinuria after 20 weeks of gestation and remains a major cause of preterm birth and
maternal morbidity and mortality worldwide.1=3 There is a growing consensus that
preeclampsia is a syndrome defined by the above clinical characteristics, but the underlying
pathogenesis is unclear. Redman and colleagues have sought to broadly classify
preeclampsia into maternal and placental subtypes which either separately or in concert are
sufficient to cause the clinical manifestations.> Maternal preeclampsia is thought to be
related to an exaggerated maternal inflammatory response to pregnancy and a normal
functioning placenta, while placental preeclampsia arises from abnormal placentation and
inadequate perfusion. While multiple factors are involved in each of these subtypes, steroid
hormones have been shown to play a role in both placentation and perfusion, as well as
immunomodulation.6-8

In early pregnancy, estrogens, progesterone and their metabolites participate in placental
angiogenesis and in normal trophoblast development and invasion. Estradiol alters
concentrations of the angiogenic markers VEGF, PIGF, and s-FLT9-11 which regulate
angiogenic processes. It has been hypothesized that low levels of estradiol may lead to
insufficient trophoblast development and angiogenesis, termed the estrogen deficiency
hypothesis.? Subsequently, low levels of estradiol may persist throughout pregnancy due to
the impaired implantation, once the shift to placental metabolism of this hormone occurs,
thus explaining the reduced estrogen values that are sometimes observed in preeclampsia.®
But while falling urinary estriol excretion was once considered a harbinger of preeclampsia,
12-14 more recent studies have shown that circulating maternal parent estrogens near
delivery are not necessarily lower in preeclampsia compared with uncomplicated pregnancy,
and may be slightly elevated.1>-17

Results from laboratory and mice studies show that cytotrophoblastic invasion of the uterus
in early pregnancy requires both a hypoxic environment and low concentrations of 2-
hydroxyestradiol, the estradiol-17p metabolite derived from the pathway defined by
hydroxylation at the 2 position of the steroid ring.18 2-Methoxyestradiol, another metabolite
in the 2-metabolism pathway;, is a potent antiangiogenic factor with no proliferative activity.
19 Data on estrogen metabolism and preeclampsia in humans, though scant, also suggest
alterations in parent estrogen metabolism pathways, namely less metabolism along the 2-
pathway than in control pregnancies.2%-25 These data, however, are based on small studies,
and information on the other two estrogen metabolism pathways (4- and 16-pathways) are
rare.2>
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The objective of the current study was to comprehensively compare maternal urinary parent
estrogens, estrogen metabolites, and their metabolic pathways between preeclamptic and
normotensive pregnancies at three time points in pregnancy.

Methods

Study design and population

This nested case control study was based on data from an ongoing prospective cohort of
women recruited early in pregnancy.26 The current analysis was limited to one of the centers
in that study, the Brigham and Women’s Hospital (BWH), which included 1,601 women >18
years of age who presented for routine prenatal care at <15 weeks’ gestation, and who
planned to deliver at BWH were enrolled from 2006 to 2008. The only exclusion criterion
was multiple gestations (twins or greater). We selected preeclampsia cases (n=66) and
matched them with approximately two controls (n=137) on gestational age at urine
collection (+/- 2 weeks), maternal age (+/- 2 years), and parity (nulliparous or multiparous
prior to the index pregnancy). A few of the cases and controls did not have samples available
for all three time periods: the sample sizes (cases/controls) were 64/133 at time 1, 59/130 at
time 2 and 61/131 at time 3.

The protocol was approved by the institutional review board at BWH and written, informed
consent was obtained from all participating women.

Definition of preeclampsia

Preeclampsia was defined as blood pressures = 140mmHg systolic or = 90mmHg diastolic
after 20 weeks of gestation along with positive urinary protein testing (>300mg/24 hours or
protein/creatinine ratio > 0.20) following the standard criteria available from the American
College of Obstetrics and Gynecology at the time of the study. All cases of hypertensive
disease were de-identified and reviewed by a panel of study principle investigators to
confirm the diagnosis.

Clinical information

Maternal age, parity, and conception of the index pregnancy by assisted reproductive
technologies (ART), history of and concurrent pregnancy complications, the baby’s birth
anthropometrics and sex, and medical insurance were abstracted from medical records. Body
mass index (weight (km)/height (m)2) was from the participants’ report of weight before
pregnancy. Gestational age of pregnancy was confirmed by ultrasound scanning at <12
weeks gestation. If consistent with last menstrual period (LMP) dating, the LMP was used to
determine the due date. If not consistent, then the due date was set by the earliest available
ultrasound <12 weeks gestation.

Measurement of urine estrogens and estrogen metabolites

Spot urine samples were collected at 3 study visits during pregnancy: 1) median 9.8 weeks
gestation (range 5.3 to 15.3 weeks); 2) median 17.7 weeks (range 15.4 to 21.7 weeks); and
3) median 25.8 weeks (range 23.1 to 29.3 weeks). Samples were stored at —80°C and then
shipped on dry ice to the Laboratory of Proteomics and Analytical Technologies Leidos
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Biomedical Research, Inc. (Frederick, MD.) for analysis of parent estrogens and estrogen
metabolites.

Stable isotope dilution liquid chromatography-tandem mass spectrometry (LC-MS/MS) was
used to measure concurrently urine concentrations of 15 estrogens and estrogen metabolites
in pathways defined by irreversible hydroxylation at the C-2, C-4, or C-16 positions of the
steroid ring. These included the parent estrogens, estrone and estradiol, and metabolites in
the 2-hydroxylation pathway (i.e. 2-hydroxyestrone, 2-methoxyestrone, 2-hydroxyestradiol,
2-methoxyestradiol, and 2-hydroxyestrone-3-methyl ether); metabolites in the 4-
hydroxylation pathway (i.e. 4-hydroxyestrone, 4-methoxyestrone, and 4-methoxyestradiol);
and metabolites in the 16-hydroxylation pathway (i.e. 17beta-estriol, aka estriol; 16a.-
hydroxyestrone, 17-epiestriol, also known as 17alpha-estriol, 16-ketoestradiol, and 16-
epiestriol); henceforth referred to as the 2-, 4- and 16-pathways. Parent estrogens were the
sum of estrone and estradiol; total metabolites were the sum of 2-, 4-, and 16-pathways; and
total estrogens was defined as the sum of the parent estrogens and metabolites. We also
created a variable (2-+4-pathway metabolites) for the sum of metabolites in the 2- and 4-
pathways only. Details of the method for measuring urine estrogens and estrogen
metabolites, including sample preparation and assay conditions, have been published
previously.2” Case—control matched sets were assayed in the same batches, and blinded (to
the laboratory) quality control samples based on a pool of urine from 5 uncomplicated
pregnancies constituted 10% of each batch. No assays of estrogens or estrogen metabolites
in this study resulted in non-detectable readings. Total between batch coefficients of
variation based on blinded replicate samples were all <3.1%, and within batch were <2.7%.
To standardize the urine estrogen and estrogen metabolite data, urine specific gravity was
measured in specimens using the Digital Urine Specific Gravity Refractometer (ATAGO
CO., LTD). The specific gravity (SG) correction applied to each estrogen metabolite was:
SG-corrected EM = EM x (SG-reference — 1.0)/(SG-sample- 1.0), where the reference SG
(SG-reference) is the mean specific gravity for each time point (1.016, 1.014 and 1.014,
respectively). SG did not differ between cases and controls at any of the three time points
(data not shown). While there were some differences between estrogens in the morning and
afternoon at time points 1 and 2 (data not shown), the proportion of cases and controls
attending the clinic was similar by time of day. All concentrations are listed as pmol/ml.

ethods

We used t-tests and - 2 tests to assess differences in distributions of maternal, pregnancy and
neonatal factors between preeclampsia cases and controls. At the three time points in
pregnancy, estrogens and estrogen metabolites were analyzed individually, in combination,
for example representing metabolic pathways (i.e. 2-, 4- and 16-pathways), and as various
ratios of metabolic pathways and parent estrogens. Values for the estrogens were examined
for outliers and those that were 2 interquartile ranges above the 75% percentile or below the
25% percentile were excluded for the analysis of that estrogen; results were similar with and
without the outliers included (maximum of 4 cases and 8 controls removed for any one
model; data not shown). Values were log- transformed to improve normality.
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Among controls, correlations were calculated among the parent estrogens and the total
metabolites in each of the 2- and 4- pathways. Standard linear models (Proc GLM; SAS
Version 9.4) with log-estrogen (or log-ratio) as the dependent variable and case-control
status as the independent variable estimated geometric means (using the LSMEANS
statement). Models were adjusted for the matching factors (gestational ages at urine
collections and maternal age as continuous variables, and parity vs. nulliparity). Including an
additional term for gestational age squared did not change the results (data not shown). The
coefficient, B, for case-control status was exponentiated and estimates the ratio of the
geometric means between cases and controls. The percentage change is defined as 100 x
(exp(B)-1). In separate models, we adjusted further for BMI, race/ethnicity and use of ART
(referred to as the full model). P-values were based on two-sided tests and were not adjusted
for multiple comparisons.

The clinical and demographic characteristics of the preeclampsia cases and controls are
presented in Table 1. A higher proportion of preeclampsia cases were African American
(22.7% vs. 10.9%), had a higher pre-pregnancy BMI than controls (30.6 vs. 24.9 kg/m?), and
used some form of assisted reproductive technology (19.7% vs. 13.1%). In addition, cases
were more likely to have pre-pregnancy diabetes or chronic hypertension, concomitant
gestational diabetes, and preeclampsia in a prior pregnancy than controls. There were no
major differences in maternal education, insurance status, infant sex and smoking status
between cases and controls. Most of the cases were diagnosed at a gestational age greater
than 34 weeks gestation (n=45; 68%).

In both the cases and controls, the 16-pathway comprised the vast amount of total estrogens
at all three time points in pregnhancy (cases and controls combined 77%, 80% and 76%,
respectively), while the 2-pathway (11%, 8.7%, and 9.2%) and 4-pathway (0.4% at all three
time points) metabolites contributed much less to total estrogens (Figures 1, 2, and 3). The
parent hormones, estrone and estradiol, were highly correlated at all three time points
(r=0.80, r=0.79 and r=0.79, respectively), whereas the correlations between parent estrogens
and the 2-pathway (r=0.63, 0.59, 0.62) and 4-pathway metabolites (r=0.41, 0.28, 0.40) were
lower.

Geometric and arithmetic mean concentrations of the parent hormones in cases and controls
increased across the pregnancy, as did concentrations of the estrogen metabolites
(Supplemental Tables S1 and S2). The ratio of the combined 2-+4-pathway metabolites to
parent estrogens decreased across the three time points in pregnancy for both cases and
controls. Additionally, we observed that the separate ratios of 2-pathway and 4-pathway to
parent estrogens each generally decreased as well across the three time points.

Percent changes in geometric means for the parent estrogens, estrogen metabolites, and their
ratios adjusted for maternal age, parity and gestational age at blood draw at each sampling
time point are presented in Table 2. Parent estrogens, largely from estradiol, appeared higher
in preeclampsia than controls in early pregnancy (A=22.7%, p=0.13); the change was
attenuated after full adjustment for race/ethnicity, pre-pregnancy BMI and use of ART in the
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index pregnancy (A=16.8%, p=0.27). Mean urinary estradiol concentrations were
approximately 50% higher in preeclampsia cases compared with controls in early pregnancy
and 20% higher in mid-pregnancy, remaining higher with full adjustment, but were similar
in cases and controls later in pregnancy. Total metabolite concentrations were slightly lower
at the second time point but the change was attenuated with full adjustment. Total 2-pathway
metabolites were approximately 20% lower in cases compared with controls in mid- and
later pregnancy, but the change was attenuated with full adjustment. There were no
significant changes in the 4-pathway and 16-pathways between cases and controls. When
models included the factors used for full adjustment individually, it became clear that the
change in results was due to BMI only (data not shown).

The ratio of 2-+4-pathway metabolites to parent estrogens, was generally lower in
preeclamptic than control pregnancies in early and mid-pregnancy, as were the relative
amounts of each of the pathways (i.e. 2- and 4-pathways) to parent estrogens (Table 2).
These changes in the ratios of total and pathway specific estrogen metabolites to parent
estrogens were attenuated with full adjustment later in pregnancy. The ratio 2-pathway: 4-
pathway demonstrated no evidence that estrogens were preferentially metabolized in one of
the two pathways.

Discussion

In this study estrogen concentrations increased markedly throughout pregnancy with a
preponderance of estradiol and estrone, and unlike the non-pregnant state, metabolites in the
16-pathway. Metabolites in the 16 pathway largely reflect 16 hydroxylation of androgen
precursors in the fetus, which then return to the placenta for aromatization. In early
preghancy, maternal urinary parent estrogen concentrations, particularly estradiol, were
elevated in preeclamptic pregnancies compared with control pregnancies. Absolute
concentrations of metabolites in cases and controls, however, were generally similar during
early pregnancy despite the preeclamptic mothers’ greater parent estrogen concentrations.
This resulted in a lower ratio of 2- and 4-pathway metabolites to parent estrogens in
preeclamptic pregnancies in early and mid-pregnancy. In later pregnancy, reduced absolute
2-pathway metabolite concentrations in preeclamptic mothers compared with controls was
partly explained by higher BMI in the cases, and there were no other differences in parent
estrogens, absolute metabolites or their ratios. These results indicate that despite greater
parent estrogen concentrations in preeclamptic pregnancies than controls in early to mid-
pregnancy, total urinary concentrations of metabolites are similar, suggesting that
metabolism is reduced in preeclamptic women. A slight reduction in absolute levels of 2-
pathway metabolites later in pregnancy in preeclampsia was explained by the greater BMI of
women with preeclampsia.

Steroid hormone metabolism is adversely affected in preeclamptic pregnancies. Maternal
androgen concentrations by the second half of pregnancy are elevated in preeclampsia,
15,16.28 31though whether levels differ earlier in pregnancy is unclear.2® Normal
concentrations of maternal DHEA, the substrate for androgen synthesis, in the presence of
elevated androstenedione and testosterone concentrations!® are consistent with in-vitro
studies showing reduced conversion of androgens to estrogens in placental tissue from
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preeclamptic pregnancies.3? Data on estradiol and estrone concentrations in preeclampsia,
though, are inconsistent, with some studies showing lower concentrations of parent
estrogens®20.25 and others showing no differencel®16 compared with control pregnancies.
In our study, maternal urinary estradiol was significantly greater in preeclamptic compared
with control pregnancies adjusting for gestational age at collection, parity, maternal age,
race/ethnicity, BMI and use of ART, in early and mid-pregnancy, but not later in pregnancy.
Most studies have assessed pregnancy estrogens later in the pregnancy only.20-25

A few studies have assessed whether concentrations of estrogen metabolites differ in
preeclampsia,2%-2% but comprehensive estrogen metabolite data in humans are limited. There
is some evidence that 2-pathway metabolites in the maternal circulation late in pregnancy
are lower in preeclamptic compared with control pregnancies.20:23.25 2-methoxyestradiol
was lower in preeclampsia compared with uncomplicated pregnancy,23-25 as was 2-
methoxyestrone, and the premethylated forms 2-hydroxyestrone and 2-hydroxyestradiol, 2
while in another, 2-methoxyestradiol was only decreased in severe preeclampsia with
HELLP syndrome.20 Only one study found higher plasma 2-methoxyestradiol
concentrations at delivery in a late-onset PE group vs. control group.3! Some differences
have also been observed in the 4-pathway and 16-pathways in plasma but results depended
on the severity of preeclampsia.2> Reduced maternal plasma 2-methoxyestradiol
concentrations in preeclamptic than control pregnancies have been shown at 22-29 weeks,?!
and as early as 11-14 weeks.22 Our data showed reductions in estrogen metabolism that
were greater for, but not limited to the 2-pathway, based on measurements of all three
pathways and the use of ratios to assess relative metabolism of a given amount of parent
estrogens. Thus, there may be a more generalized effect of placental impairment on estrogen
metabolism not entirely mediated through lower levels of catechol-O-methyltransferase
(COMT), the enzyme that catalyzes the methylation of catechol estrogens to methoxy
estrogens, as has been suggested by others.32

Our data are based on measurements in urine instead of plasma or serum; estrogens in urine
are generally conjugated, whereas those in circulation are a combination of unconjugated
and conjugated. We observed high correlations (r=0.78 and r=0.83, respectively) between
estradiol and estrone measured in serum and urine (per unit creatinine) in 313
premenopausal women with specimen collections made on the same day (unpublished data).
Additionally, in a study of 83 pregnant women serum estriol was highly correlated (r=0.81)
to creatinine corrected urine estriol.33 In pregnancy, the placenta secretes principally
unconjugated estrogens into the maternal circulation where they are conjugated in the
maternal liver to be excreted in urine. It has been speculated that in preeclampsia, reduced
maternal hepatic blood flow lowers the proportion of estrogen conjugated in the liver,
leading to lower estrogen concentrations in urine.1” Parent estrogens, when presented, were
lower in preeclamptic pregnancies in some studies, 2225 which could explain the lower
concentration of metabolites. In contrast, we observed higher estradiol concentrations in
preeclampsia, as previously shown in serum,> than in control pregnancies. We presented
relative concentrations of 2- and 4-pathway metabolites to their parent hormones to account
for these higher levels. Renal function may decline in preeclampsia compared to controls3*
affecting urinary hormone concentrations, though in our study the samples were collected at
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<30 weeks gestation, before preeclampsia was likely to have resulted in changes to renal
function.

Strengths of the study included comprehensive measurement of estrogen metabolites before
preeclampsia diagnosis and over much of the pregnancy, and availability of information on
factors that could confound the association with preeclampsia. Because parent estrogens and
estrogen metabolites increase throughout the pregnancy, careful adjustment for gestational
week at sample collection is important, as preeclamptic pregnancies will generally deliver
earlier. Metabolites in samples coinciding with labor may be altered by stress, type of
delivery or medications administered. In addition, estrogen metabolism towards the end of a
preeclamptic pregnancy might be expected to be impaired by increasing senescence of the
placenta, reflecting the consequences of the disease process rather than its etiology. Our
findings, however, are limited to the less severe form of preeclampsia. Few of the
preeclampsia cases included in the present analysis were severe as evidenced by the limited
number cases with extreme prematurity (<34 weeks at delivery) so we were unable to assess
whether estrogen metabolism differed by severity of disease. 2-methoxyestradiol
concentrations were inversely correlated with preeclampsia severity, and possibly with blood
pressure values in one study.20

Preeclampsia has its origin in the first stages of pregnancy, with abnormal placentation and
implantation. Our data show that even in the first trimester there is evidence of estrogen
metabolic changes in preeclampsia cases compared with women who do not develop
preeclampsia.
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Figure 1:

% of Total Estrogen

Percentage of total estrogen (sum of 15 estrogens/estrogen metabolites) in each of the
metabolic pathway groups at median 9.8 weeks gestation. The proportions for the parent
estrogens, 2-hydroxylation pathway (2-path), 4-hydroxylation pathway (4-path), and 16-
hydroxylation pathway (16-path) estrogen metabolites sum to 100%.
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Figure 2:

% of Total Estrogen

Percentage of total estrogen (sum of 15 estrogens/estrogen metabolites) in each of the
metabolic pathway groups at median 17.7 weeks gestation. The proportions for the parent
estrogens, 2-hydroxylation pathway (2-path), 4-hydroxylation pathway (4-path), and 16-
hydroxylation pathway (16-path) estrogen metabolites sum to 100%.
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Figure 3:

% of Total Estrogen

Percentage of total estrogen (sum of 15 estrogens/estrogen metabolites) in each of the
metabolic pathway groups at median 25.8 weeks gestation. The proportions for the parent
estrogens, 2-hydroxylation pathway (2-path), 4-hydroxylation pathway (4-path), and 16-
hydroxylation pathway (16-path) estrogen metabolites sum to 100%.
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Table 1:

Baseline Characteristics of Preeclampsia and Control Pregnancies

Preeclampsia (n=66) Control (n=137)
Characteristic Mean (SD) or n (%) | Mean (SD)or n (%) | p.value?
Age (y) 31.7(5.2) 317 (5.1) 0.93
BMI pre-pregnancy (kg/m?) 30.6 (7.9) 24.9 (5.2) <0.001
Race/ethnicity 0.18
White 39 (59.1%) 85 (62.0%)
African-American 15 (22.7%) 15 (10.9%)
Asian 4(6.1%) 14 (10.2%)
Hispanic 6 (9.1%) 14 (10.2%)
Other race/ethnicity 2 (3.0%) 9 (6.6%)
Maternal education 0.10
<High school 12 (18.2%) 14 (10.2%)
>High school 53 (80.3%) 123 (89.8%)
Missing 1(1.5%) 0 (0.0%)
Health Insurance 0.76
Self-pay or government 12 (16.9%) 27 (19.6%)
Private/HMO 56 (78.9%) 109 (79.0%)
Missing 3 (4.2%) 2 (1.4%)
Nulliparous 36 (54.5%) 73 (53.3%) 0.87
Smoked during pregnancy 4 (6.1%) 10 (7.3%) 0.74
Use of ART? 13 (19.7%) 18(13.1%) 0.22
History of preeclampsiac 10 (33.3%) 1(1.6%) <0.001
Pre-pregnancy diabetes 10 (15.2%) 6 (4.4%) 0.01
History of chronic hypertension 15 (22.7%) 5 (3.6%) <0.001
Current diagnosis of gestational diabetes 10 (15.2%) 10 (7.3%) 0.08
Gestational weeks at delivery 36.7 (3.0) 38.8 (1.7) <0.001
Birthweight (g) 2840.8 (823.8) 3273.3 (577.2) <.001
Male infant 29 (43.9%) 70 (51.1%) 0.34

a . .
Homogeneity p-values (t-test or chi-squared test)

bART = assisted reproductive technology

c . .
Restricted to multiparous women
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