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Estrogen Levels in Childhood Determined by an Ultrasensitive Recombinant

Cell Bioassay
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Developmental Endocrinology Branch, National Institute of Child Health and Human Development, National Institutes of Health,
Bethesda, Maryland 20892; *Department of Pharmacology, Duke University Medical Center, Durham, North Carolina 27710; and

*Children’s Hospital of Orange County, Orange, California 92668

Abstract

We hypothesized that estradiol levels are higher in prepu-
bertal girls than in prepubertal boys and that this greater
secretion of estradiol might drive the more rapid epiphyseal
development and earlier puberty in girls. Since previous
estradiol assays have lacked adequate sensitivity to test the
hypothesis of higher estradiol levels in girls, we developed
a new ultrasensitive assay to measure estrogen levels. The
assay uses a strain of Saccharomyces cerevisiae genetically
engineered for extreme sensitivity to estrogen. Yeast were
transformed with plasmids encoding the human estrogen
receptor and an estrogen-responsive promoter fused to the
structural gene for B-galactosidase. Ether extracts of 0.8 ml
of serum were incubated with yeast for 8 h and the -
galactosidase response was used to determine estrogen bio-
activity relative to estradiol standards prepared in charcoal-
stripped plasma. The assay was highly specific for estradiol
with < 3% cross-reactivity with estrone, estriol, or estradiol
metabolites. The detection limit was < 0.02 pg/ml estradiol
equivalents (100-fold lower than existing assays). Using this
assay, we measured estrogen levels in 23 prepubertal boys
(9.4+2.0 yr) and 21 prepubertal girls (7.7+1.9 [SD] yr).
The estrogen level in girls, 0.6+0.6 pg/ml estradiol equiva-
lents, was significantly greater than the level in boys,
0.08+0.2 pg/ml estradiol equivalents (P < 0.05). We con-
clude that the ultrasensitive recombinant cell bioassay for
estrogen is approximately 100-fold more sensitive than pre-
vious estradiol assays, that estrogen levels are much lower
prepubertally, in both sexes, than reported previously, and
that prepubertal girls have 8-fold higher estrogen levels than
prepubertal boys. (J. Clin. Invest. 1994. 94:2475-2480.) Key
words: prepubertal ¢ yeast « Saccharomyces cerevisiae « es-
tradiol + estrogen

Introduction

Estradiol exerts important biological effects at concentrations
below the detection limit of available radioimmunoassays. For
example, estradiol levels are usually undetectable at thelarche
(1). Moreover, the onset of the pubertal growth spurt in girls
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precedes thelarche, suggesting that skeletal growth can be
driven by still lower levels of estradiol (2). Androgens are
unlikely to be the cause of this growth spurt, since the onset of
the growth spurt in boys is much later than in girls, despite
their having equal or higher levels of androgen. Consistent with
this view, the infusion of estradiol at the dose of 4 ug/d causes
a tripling of ulnar growth rate in boys (3). The plasma estradiol
level corresponding to this dose is ~ 4 pg/ml based on extrapo-
lation from the levels at higher dose infusions. Additionally,
ethinyl estradiol doses as low as 25-100 ng/kg per day cause
increased growth velocity in girls with Turner syndrome
(4-6).

We hypothesized that circulating levels of estradiol in girls
are higher than in boys and that this estradiol drives skeletal
growth and maturation. This hypothesis would explain the ob-
servation that skeletal maturation proceeds more rapidly in pre-
pubertal girls than boys (7). Furthermore, children with lutein-
izing hormone-releasing hormone—independent precocious pu-
berty, who initially have high sex steroid levels but low
gonadotropin levels, have an earlier pubertal rise in gonadotro-
pin levels than normal children (8). By analogy, the hypothesis
of higher prepubertal estradiol levels in girls might also explain
the observation of an earlier onset of puberty in girls than in
boys (2).

The possibility of higher estradiol levels in girls than in
boys has not been resolved previously because of the lack of
sensitivity of available assays for estradiol. Previous reports of
estradiol levels in prepubertal children include the observation
by Forest et al. (9) and others (10—12) of a neonatal surge of
estradiol and descriptions by others of estradiol levels in older
prepubertal children that were ~ 8 pg/ml and were similar in
both boys and girls (13—-16). These levels were so close to
the detection limit of the assay that they were of questionable
reliability (13). Thus, to test the hypothesis of greater secretion
of estradiol in prepubertal girls than in prepubertal boys, we
developed a new ultrasensitive recombinant cell bioassay
(RCBA)' to measure extremely low levels of estrogen. We
used this assay to measure estrogen levels in 44 normal prepu-
bertal girls and boys.

Methods

Plasmids. The plasmid, YEPKBI, contains the CUP1 metallothionein
promoter fused to the human estrogen receptor cDNA. The reporter
plasmid, YRPE2, contains two copies of the frog vitellogenin estrogen
response element (ERE) upstream of the yeast iso-1-cytochrome ¢ pro-
moter fused to the structural gene for 3-galactosidase. The Saccharo-

1. Abbreviations used in this paper: CV, variation; DES, diethylstilbes-
trol; ERE, estrogen response element; ONPG, ortho-nitrophenolgalacto-
pyranoside; RCBA, recombinant cell bioassay.
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myces cerevisiae strain BJ3505 (MATa,ura3-52,trypl A101,lys2-208)
was transformed with these two plasmids (17-19). Transformants were
selected by tryptophan or uracil auxotrophy (20, 21).

Standards. Pooled plasma from adult men plus charcoal (3 g/100
ml)(Norit A; Fisher Scientific Co., Fairlawn, NJ) was stirred for 30
min at room temperature and then overnight at 4°C and then was filtered
successively through glass wool and a 0.2-um filter (Corning Glass-
works, Corning, NY). A known amount of estradiol (Sigma Immuno-
chemicals, St. Louis, MO) was dissolved in ethanol (Midwest Grain
Products, Pekin, IL) and diluted serially in ethanol to yield concentra-
tions from 5 X 1072 to 5 X 10~7 M. 0.05 ml of each solution of
estradiol was added to 25 ml of charcoal-stripped plasma to obtain a
set of estradiol standards with concentrations from 10~" to 10~7 M.
Each standard pool was divided into aliquots of 1.6 ml and frozen for
future use.

Standards were prepared in charcoal-stripped plasma to avoid a
negative blank that occurred when ether extracts of plasma were assayed
against an estradiol standard curve that had not been exposed to plasma
(data not shown).

Blood collection and serum separation. Blood was collected in glass
vacutainer tubes that were kept upright at all times to avoid contamina-
tion with substances in the rubber stoppers that otherwise cross-reacted
in the assay. Blood was spun, and the serum phase was removed and
immediately frozen in polypropylene tubes.

Extraction. Ether (0.8 ml)(ChromAR; Malinkrodt, Paris, KY) was
added to 0.8 ml serum sample or plasma standard, vortexed, and centri-
fuged to separate the phases. The aqueous phase was frozen by submerg-
ing the tubes in a dry ice/methanol bath. The ether phase was transferred
to sterile glass 12 X 75-mm tubes (Kimble/Kontes, Vineland, NJ) and
evaporated at 40°C.

Yeast culture. Yeast were grown in selective media containing a
filter-sterilized solution of glucose (20 g/liter)(Sigma Immunochemi-
cals), yeast nitrogen base without amino acids (6.7 g/liter ) (Difco Labo-
ratories Inc., Detroit, MI), adenine sulfate (0.032 g/liter) (GIBCO BRL,
Gaithersburg, MD), and casamino acids (autoclaved in distilled water
to destroy the tryptophan, 5 g/liter ) (Difco Laboratories Inc.). The trans-
formed yeast strain was stored at —80°C in 15% glycerol (vol/vol)
(Malinkrodt). 3-7 d before running the assay, an agar (20 g/liter)
(Difco Laboratories Inc.) plate of the selective media was inoculated
with yeast from the frozen stock. The plate was incubated at 30°C for
36 h and then stored at 4°C. The evening before running the assay, a
single colony of yeast from the agar plate was used to inoculate 1-2
ml of the selective media. The culture was incubated by shaking at 30°C
overnight. In the morning, the yeast were diluted to an optical density
(600 nm) of 0.2 in selective media and induced with 100 uM copper
sulfate (Sigma Immunochemicals). 0.1 ml of this cell suspension was
placed in each of the 12 X 75-mm glass test tubes containing the
extracted estradiol. Tubes were covered with parafilm and incubated for
8 h at 30°C while shaking at 50 rpm. The conditions of the assay
procedure were optimized by examining the effect of time of incubation
of the cells and time of exposure of the cells to estrogen on the sensitivity
of the assay. An 8-h incubation, with cells reaching the late log phase
of growth by the end of incubation, was optimal; the concentration of
yeast was maximized, and the volume of media was minimized to
increase sensitivity (data not shown).

B-Galactosidase assay. f-Galactosidase activity was assayed by a
modification of previous methods (22, 23). After incubation, the yeast
culture samples were transferred to conical 0.6-ml RIA tubes (so that
a multitip pipetter could be used throughout the remainder of the assay
for efficiency and reproducibility)(Sarstedt, Inc., Newton, NC) and
centrifuged at 4,000 g for 10 min at 4°C to pellet the cells. The superna-
tant was removed by suction, and the cells were resuspended in 150 pl
of Z buffer (Na,HPO,-7H,0 16.1 g/liter, NaH,PO,-H,0 5.5 g/liter,
KCl 0.75 g/liter, MgSO,-7H,0 0.245 g/liter, S-mercaptoethanol 2.7
ml/liter) (Sigma Immunochemicals) (24). The cells were permeabil-
ized by mixing with 30 ul of chloroform (Malinkrodt). The chloroform
was allowed to separate for 5 min before 100 ul of the supernatant was
removed and placed in a flat-bottom microtiter plate along with 60 ul
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of Z buffer. Cell density was estimated by measuring light scattering
using a microtiter plate reader (Multiscan Plus; Titretek). 40 ul of the
colorless substrate ortho-nitrophenolgalactopyranoside (ONPG) (Sigma
Immunochemicals; 3.3 mg/ml in Z buffer) was added to each well,
and the plate was incubated at 30°C. The change in concentration of
orthonitrophenol, the yellow product that results from S3-galactosidase
cleavage of ONPG, was determined by making serial measurements
over 6 h using the microtiter plate reader at 416 nm. S-Galactosidase
activity was determined from the change in OD (416 nm) during the
initial phase of linear increase divided by elapsed time and the initial
cell scattering. The activity of high levels was determined from the rate
of product accumulation during the first 2—4 min after ONPG was
added. The activity of very low levels was determined from the ab-
sorbance at 4—6 h after ONPG was added.

B-Galactosidase activity was converted to estradiol equivalent units
by linear interpolation from the standard curve constructed by adding
known amounts of estradiol to charcoal-stripped plasma samples.

Subjects. We studied 44 normal prepubertal children. There were
21 girls (age 7.5+2.1 [SD] yr, range 5.5-10.5 yr) and 23 boys (9.5+2.1
yr, range 4.5-13 yr). All participants had normal physical examinations,
height and weight within 2 SD of the mean for age, no history of
significant past medical illnesses, and no use of estrogen-containing
creams or compounds. All children were prepubertal, defined as no
axillary or pubic hair, no breast tissue in the girls, and testicular volume
=3 ml in the boys. The children were seen in the outpatient department
for a single blood sample. The study protocol was approved by the
National Institute of Child Health and Human Development Institutional
Review Board, and informed assent was given by each child and in-
formed consent by one parent.

Results

Standard curve. Known amounts of estradiol were added to
charcoal-stripped plasma samples (Fig. 1). The background
activity in the absence of estradiol was very low. The S-galac-
tosidase activity increased 1,000-fold in response to estradiol.
The working range of the assay was also at least three orders
of magnitude of estradiol concentration.

Sensitivity. The sensitivity of the assay, defined as the estra-
diol concentration that resulted in [-galactosidase activity 2
standard deviations above the mean of 10 samples of charcoal-
stripped plasma, was < 0.02 pg/ml.

Precision. The intraassay variation (CV) was estimated by
assaying the same plasma pool eight times in a single assay.
At 2 pg/ml estradiol, the intraassay CV was 15%. As one ap-
proached the detection limit of 0.02 pg/ml, the CV increased
to ~ 50%. The interassay variation was estimated by assaying
duplicate samples from a plasma pool on six separate days. At
2 pg/ml estradiol, the interassay CV was 13%. As one ap-
proached the detection limit, the interassay CV increased to
~ 60%.

Recovery. Recovery was determined by adding known
amounts of radiolabeled estradiol to charcoal-stripped plasma.
Recovery averaged 93+17%.

Accuracy. Accuracy was determined by comparing the es-
trogen determinations from the new ultrasensitive RCBA with
the determinations from an existing estradiol radioimmunoassay
(Hazleton Biologics, Inc., Lenexa, KS). 40 normal female se-
rum samples were used for both determinations. The correlation
coefficient was 0.90 (Fig. 2).

Specificity. The assay specificity was tested by adding
known amounts of the following steroids to charcoal-stripped
plasma samples: estriol, estrone, 17-a estradiol, estradiol 17-
glucuronide, estradiol 3-sulfate, estriol 3-glucuronide, estriol
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3-sulfate, estrone glucuronide, estrone 3-sulfate, testosterone,
dexamethasone, cortisol, aldosterone, progesterone, diethylstil-
bestrol (DES), ethinyl estradiol, and mestranol (Sigma Immu-
nochemicals, except estrone and estrone glucuronide which
were from Steraloids, Wilton, NH).

The assay was highly specific for estradiol with low cross-
reactivity for estrone (0.3%), DES (< 3%), estriol (0.03%),
estrogen metabolites (< 2%) (Fig. 3), testosterone, aldoste-
rone, progesterone, and cortisol (< 0.01%, data not shown).
The cross-reactivity for commonly used synthetic estrogens was
100% for ethinyl estradiol and 0.4% for mestranol. 17-a estra-
diol had a cross-reactivity of 9% (data not shown).

Patient data. The mean estrogen level in prepubertal boys
was 0.08+0.2 pg/ml estradiol equivalents (range < 0.02 to 0.7
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Figure 2. Accuracy. Linear regression of estrogen levels by the new
ultrasensitive RCBA (y axis) with estradiol levels from an existing RIA
(x axis).
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pg/ml) (Fig. 4). The mean estrogen level in prepubertal girls,
0.6+0.6 pg/ml estradiol equivalents (range < 0.02-2.2 pg/
ml), was significantly greater (P < 0.05) (Fig. 4). Estradiol
levels did not correlate significantly with age or body mass
index in girls or boys and did not correlate with testicular vol-
ume in boys (data not shown).

Discussion

We have developed a new ultrasensitive RCBA to measure
estrogen with a sensitivity of < 0.02 pg/ml estradiol equiva-
lents. Most commercially available radioimmunoassays for es-
tradiol report detection limits of 10—20 pg/ml. The best research
assays report detection limits of 2—10 pg/ml. Therefore, the
sensitivity of this assay is at least 100-fold greater than the best
existing research assays.

The first estrogen assays were bioassays based upon biologi-
cal effects such as vaginal cornification (25), vaginal mitosis
and epithelial thickening (26), vaginal metabolic activity (27),
and uterine weight (28-30). Physico-chemical methods were
next used, including colorimetry (31), fluorimetry (31, 32),
gas-liquid chromatography, and radioimmunoassay (33). By
the early 1970s, radioimmunoassays for estradiol, estrone, and
estrone sulfate had been developed which had sensitivities as
low as 5 pg/ml (34-40). Antibodies against estradiol were
discovered subsequently that permitted sensitivities as low as 2
pg/ml (41, 42). The ultrasensitive RCBA, by exploiting the
potential for signal amplification in a genetically engineered
biological system, further increases the sensitivity of estrogen
measurement by two orders of magnitude.

There are several possible explanations for the greatly in-
creased sensitivity of this assay compared with radioimmunoas-
says. First, the human estrogen receptor is probably overex-
pressed in this system. Therefore, even if the fraction of occu-
pied estrogen receptors is low at the least detectable
concentration, the actual concentration of occupied receptors
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may still reach the threshold for biological activity. Second, the
frog vitellogenin ERE produces a high-amplitude response to
estrogen and the tandem arrangement of two EREs in the re-
porter plasmid may amplify the effect. Third, the very low
background in the absence of estrogen and the 1,000-fold ampli-
fication by estrogen also contribute to assay sensitivity.

The assay was unexpectedly specific for estradiol compared
with other estrogens such as estrone and estriol. The explanation
may lie in part with the ether extraction. There may also be an
intrinsically greater activation of the estrogen receptor/ERE
complex in this system by estradiol than by the other estrogens.
Other theoretical explanations for the specificity for estradiol
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sity (416 nm) per minute divided by
the optical density of the cells.

include greater metabolism of estrone or estriol by the yeast
during the 8-h incubation, or a greater adsorption of estrone or
estriol by nonreceptor components of the incubation. Regardless
of mechanism, however, the practical implication is that estra-
diol is the principal endogenous compound that reacts in the
assay.

We have used this assay to measure estrogen levels in nor-
mal prepubertal girls and boys. The mean level in girls was 0.6
pg/ml estradiol equivalents. The mean level in boys was 0.08
pg/ml estradiol equivalents. Previous reports of estradiol levels
in prepubertal children include the description by Forest et al.
(9) and others (10—12) of a neonatal surge of estradiol and
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Figure 4. Estrogen levels in normal prepubertal boys and girls. Error
bars represent +1 SD. *P < 0.05 compared with levels in boys.

descriptions by others of estradiol levels in older prepubertal
children that were ~ 8 pg/ml and were similar in both boys
and girls (Fig. 5) (13-16). However, we conclude that these
measurements in older prepubertal children, which were near
the detection limit of the radioimmunoassays, primarily re-
flected assay blank, since the levels in both sexes were at least
10-fold higher than were obtained with the ultrasensitive assay
(Fig. 5).

There was no correlation between estrogen levels and age,
body mass index, or testicular volume in our normal prepubertal
subjects. However, more patients, covering a wider range of
age and body mass, are needed to define the effect of age and
body mass on estrogen level during the prepubertal years.

Our results indicate that prepubertal girls have significantly
higher estrogen levels than prepubertal boys. We hypothesize
that the higher estradiol levels in prepubertal girls may contrib-
ute to their greater rate of skeletal maturation, their earlier pu-
bertal onset, and, ultimately, their earlier cessation of growth,
in comparison to boys.

10.0
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Figure 5. Comparison between estrogen levels. Estrogen levels in prepu-
bertal girls and boys by the ultrasensitive RCBA (solid bars) and pre-
viously reported estradiol levels by an RIA (hatched bars) (13). *P <
0.05 compared with the levels measured by the same assay in boys.

The availability of this new ultrasensitive assay makes it
possible to address previously unanswerable questions concern-
ing the role of estrogen in normal and pathologic states. Poten-
tial physiologic applications include an improved understanding
of estrogen secretion during infancy (9-11), childhood (12, 13,
37), and menopause (38—40), including the diurnal variation in
secretion and the potential cyclicity associated with premenar-
cheal follicular maturation and atresia (43 ). Pathologic applica-
tions include the pathophysiology of premature thelarche (44),
the differential diagnosis and monitoring of treatment for preco-
cious puberty (45), and optimization of treatment for estrogen-
dependent neoplasms such as breast cancer (46). The assay
should also help clarify the role of estrogen in normal male
physiology and in feminizing disorders. Much future work will
be needed to address these and other areas.
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