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Recent observed feminization of aquatic animals has raised
concerns about estrogenic compounds in water supplies and
the potential for these chemicals to reach drinking water.
Public perception frequently attributes this feminization to oral
contraceptives (OCs) in wastewater and raises concerns

that exposure to OCs in drinking water may contribute to the
recent rise in human reproductive problems. This paper reviews
the literature regarding various sources of estrogens, in
surface, source and drinking water, with an emphasis on the
active molecule that comes from OCs. It includes discussion of
the various agricultural, industrial, and municipal sources

and outlines the contributions of estrogenic chemicals to the
estrogenicity of waterways and estimates that the risk of exposure
to synthetic estrogens in drinking water on human health is
negligible. This paper also provides recommendations for strategies
to better understand all the potential sources of estrogenic
compounds in the environment and possibilities to reduce the
levels of estrogenic chemicals in the water supply.

Introduction

The recentincrease in examples of intersex fish and organisms
found in global waterways has led people to be concerned
about estrogenic compounds in the environment (I—13).
Often, oral contraceptives (OCs) are blamed, as they are an
easilyidentifiable source of estrogen, with 11.6 million women
of reproductive age using OCs in the U.S. (14). Use of OCs
allows women a significant level of reproductive freedom
and additionally has societal and global ramifications on
population levels. However, after wastewater treatment, low
levels of the main estrogenic ingredient in OCs, 17 alpha-
ethinylestradiol (EE2), have been detected in some surface
waters (15—18), and this has caused some concern about
drinking water contamination. The Endocrine Society re-
cently published a position statement expressing concern
that low level, chronic exposure to such environmental
endocrine disruptors cause or contribute to adverse human
health effects (19). Intersex fish have been observed near
sewage treatment plants in the U.S., across Europe, and in
Japan (5, 11, 20). There is growing concern that a connection
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exists between estrogenic surface water, the occurrence of
intersex fish in these rivers, lakes, and streams, and the rise
in human reproductive problems (7). The peer-reviewed
literature and popular media have pointed to EE2 from OCs
as a major estrogenic endocrine disrupting chemical con-
tributing to these phenomena (6, 21—23). We review the
scientific literature to qualitatively assess the contribution
of other estrogenic chemicals to the estrogenicity of water-
ways, to evaluate the pathway of EE2 from ingestion to
drinking water, and to explore what is known about the effects
of EE2 exposure in drinking water on human health. Studies
from western Europe and the U.S. are highlighted because
they have similar industrial practices and contraceptive use.
We conclude with possible solutions to reducing the presence
of estrogenic compounds, including EE2, in water.
Sources of Estrogens and Estrogenic Compounds. Many
chemicals found in our waterways, both natural and syn-
thetic, have the ability to mimic or disrupt the natural
estrogens found in humans and animals (11, 12, 18, 24—47).
Estrogenic chemicals of varying potency and persistence
originate from agriculture, industry, humans, household
products, and other pharmaceuticals. Figure 1 diagrams the
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FIGURE 1. Simplified diagram outlining points of entry of
estrogenic chemicals into the water supply, adapted from
Velicu et al., 2009 (72).

various points of entry into waterways for estrogenic
chemicals. The following sections will outline in more detail
some of the different sources and their contribution to
estrogenic contamination.
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FIGURE 2. Estimated contribution of total natural estrogens
(E1+E2+E3) and EE2 excretion to total estrogen excretion in
the Dutch population. 0Cs are estimated to be 1% of total.
Figure adapted from ref 57. This figure does not account for the
higher potency of EE2 compared to natural estrogens.

TABLE 1. Daily Estrogen Excretion by Humans (per Person) in
fu/Day, from Johnson et al., 2000 (52)

E2 E1 E3 total estrogens
males 1.6 3.9 1.5 7
menstruating females 3.5 8 4.8 16.3
menopausal females 2.3 4 1 7.3
pregnant women 259 600 6000 6859

Background on Human Estrogens and OCs. The human
body has three naturally occurring steroid estrogens: estrone
(E1), 17-p estradiol (E2), and estriol (E3), with the synthetic
estrogen EE2’s structure being most similar to that of E2.
The potency of these estrogens are typically measured in
relation to E2 (having a value of 1) and are estimated to have
the following relative potencies: EE2: 2.0; E2: 1; E1: 0.2—0.4;
E3: 0.024—0.026. These values have been determined by
estrogen receptor binding in vitro assays or vitellogenin
induction in male juvenile fish (6, 12, 48, 49). It is important
to note that in vitro responses have been known to
underestimate in vivo responses from more complex waste-
water (50), and potencies can vary somewhat depending on
the determination method.

While there are many different versions of oral contra-
ceptives, most OCs are a combination of an estrogen and a
progestin, and the most widely used synthetic estrogen is
17-a-ethinyl estradiol (EE2) with an average daily dose of
30—35 ug of EE2 per pill. The progestin in combination pills
is typically present in higher concentrations (= 1 mg per pill).

Human Sources. Human urine is often cited as the main
source of natural and synthetic estrogens in the aquatic
environment (5, 29). Humans excrete the natural estrogens,
El, E2, and E3, and estimates of the amount per day are
shown in Table 1. In addition, several synthetic estrogens,
ingested through pharmaceuticals, can be also be excreted
and enter wastewater. The Dutch Central Bureau of Statistics
evaluated the proportion of estrogen excretion, including
EE2 by different groups based on the total population figures
of 2001 and estimated that EE2 accounts for approximately
1% of the total human excretion of estrogens in The
Netherlands (51). In 2001, 43% of Dutch females of repro-
ductive age used OCs (51), compared to 28% in the U.S. (14).
Therefore, the excretion of EE2 as a fraction of total estrogens
in the U.S. is likely less than 1%.

Natural estrogens are also used in other prescribed drugs
(53). We identified one study that provides estimates of the
contribution of natural endogenous estrogens (E1, E2, E3),
prescription form estrogens (E1, E2, E3), and prescribed
synthetic estrogen (EE2) to drinking water estrogen levels
(53). The estimates are derived from the Pharmaceutical
Assessment and Transport Evaluation (PhATE) model, and
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TABLE 2. Estimated Values for Estrogen Concentrations in U.S.
Drinking Water Based on PhATE Modeling (53)?

adjusted for adjusted for

upper E2 estrogenic  average E2 estrogenic
category,  estimate equivalency estimate equivalency
compound (ng/L) (ng/L) (ng/L) (ng/L)

Natural Estrogens from Diet and
Naturally Produced Endogenous Estrogens

E1 0.1 0.03 0.03 0.0009

E2 0.02 0.02 0.01 0.01

E3 0.02 0.0005 0.01 0.00025
Prescribed Endogenous Estrogens

E1 0.02 0.0006 0.01 0.0003

E2 0.002 0.002 0.0006 0.0006

E3 0.000015 3.7 x 10—7 0.000006 1.5 x 10—7

Prescribed Synthetic Estrogens
EE2 0.003 0.006 0.001 0.002

ZIncludes upper and lower Predicted Environmental
Concentrations (PEC) (ng/L) and the estimated estrogenic
equivelancy normalized to E2 potency.

the results are summarized in Table 2. (53). PhATE modeling
integrates data from source emissions and migration in the
environment to model and predict environmental concen-
trations of chemicals (54). EE2 has the lowest predicted
environmental concentration in U.S. drinking water com-
pared to natural estrogens in the human diet (such as from
intake of dairy or soy), and is generally lower than naturally
produced and prescription endogenous estrogens. It is still
lower than E2 after considering relative potency.

Other estrogenic pharmaceutical drugs are excreted by
users and can contribute to the estrogenicity of waterways
(I). Of these are two highly prescribed pharmaceuticals,
hormone replacement therapy (HRT) (the main active
component is conjugated equine estrogens) and veterinary
medicine pharmaceuticals, with greater usage in the U.S. in
1995 compared to EE2 (1). Comparison of the type of active
estrogen used in each and the amount is shown in Table 3.
Even though the number of women who take HRT has
declined since 2002, the current values are estimated to be
similar to 1998 levels (55). In the United States, between 10%
and 25% of women between the ages of 50 and 79 are currently
using HRT (55) and an estimated 28% of reproductive-age
women use OCs (14). Areport by Arcand-Hoy estimates both
HRT and veterinary medicine pharmaceuticals represent
more prescribed estrogens per year than OCs (I). We
identified only one study from the UKin 2009 which evaluated
the environmental impact of conjugated equine estrogens
(CEEs) from HRT in four sewage treatment systems (45).
Equine estrogens and their metabolites were present in all
sewage influent samples, and 83% of the effluent samples
had concentrations similar to EE2 (0.07—2.6 ng/L). The CEEs
were taken up by effluent-exposed fish and induced estro-
genic responses including hepatic growth and the production
of the egg-yolk precursor protein, vitellogenin, at concentra-
tions as low as 0.6—4.2 ng/L, and the potencies of these
estrogens were found to be 2.4—3490% greater than the
potency of E2. This study provides evidence that estrogens
from HRT are discharged at measurable levels which can
influence fish health into the aquatic environment (45).

Ingestion, Metabolism, and Excretion of EE2. The
pathway of EE2 ingestion, metabolism, excretion, and
environmental transformation can generally be described
asin Figure 3, with ingestion occurring from prescribed usage
of drug, followed by metabolism and excretion.

EE2 primarily enters the water treatment system as
domestic sewage via excretion by women prescribed OCs
(29, 57). It is estimated women on OCs fully metabolize



TABLE 3. Pharmaceutical Uses of Estrogens in 1995 (7, 56)

pharmaceutical uses of estrogens treatment

oral contraceptives ovulation inhibition

active estrogen

EE2 88

estrogen used in 1995 (kg/yr)

hormone replacement therapy menopause, osteoporosis conjugated equine (CEEs) 1687.5
cancer therapy breast and prostate Tamoxifen, DES unknown?
veterinary medicine growth promotion E2 and Zeranol 579.15
2 DES use in cancer therapy is declining, but it is still prescribed in some cases for prostate cancer.
EE2 ingested
26 pg/day
43% fully \
77% as free EE2 <4— 30% excreted metabolized
in the body
40% of EE2 ingested 0 S our
° g 27% excreted in urine 7.1 pg/day Inactive
reaches sewage as
EE2
available EE2
[ _
100% conjugated 63% as 11% as EE2
EE2 turned into <€—— glucuronide sulfate

\ free EE2

conjugates

conjugates )

FIGURE 3. Estimates of fate and excretion of EE2 in the body, adapted from Johnson and Williams, 2004 (57). All numbers are approximate and
final numbers do not add to 100% of the original ingested EE2, as a complete mass-balance analysis has yet to he performed.

20—48% of the daily dose of EE2 (58). The rest of the daily
dose is excreted in either its original form or as EE2 sulfate
or glucuronide conjugates (58). Figure 3 diagrams one model
of EE2 excretion, using a starting dose of 26 ug/day (average
upper amount of EE2 in a combination OC prescription is
35 ug/day of EE2 for 21 days per 28 day cycle). The model
estimates 40% of the total EE2, about 10.5 ug/day of EE2,
reach the sewage influent. About 60% of the ingested EE2 is
excreted in urine or feces, primarily in the conjugated form,
where most of it is deconjugated back to EE2 in the
environment. It is assumed that EE2 glucuronides decon-
jugate to the original form in sewage treatment plants, water,
or the environment (57).

Fate and Transport after Excretion. Levels of natural steroid
estrogens and EE2 are higher in sewage influents than
effluents, evidence that sewage treatment plants remove a
portion of the synthetic hormone (29). The average con-
centration of EE2 in both influent and effluent is also less
than the natural steroid estrogens, E1 and E2 (59).

Activated sludge and other effective methods of sewage
treatment are sufficient in removing most estrogenic com-
pounds, as shown by comparison of sewage influents and
effluents (26). The efficacy of estrogen removal during sewage
treatment depends on the specific process and conditions
(29), with several wastewater treatment plants able to remove
EE2 at >80—98% efficiency (25—27). Activated sludge has
repeatedly been shown to remove estrogenic compounds
(26, 28, 37, 43) consistently removing over 85% of EE2 and
E2 (60). EE2 was also reported to be degraded completely by
nitrifying activated sludge in six days, converting EE2 into
hydrophilic compounds (61). Moreover, studies show that
treatment of water with chlorine removes between 80—95%
of EE2, and treatment with ozone removes 95—99% of EE2
(62—64).

Surface Water Studies. EE2 and other natural estrogens
can enter surface water through wastewater treatment
effluent and runoff from agricultural sources. Monitoring
studies of surface water use a variety of EE2 detection methods
find arange of values for EE2 and natural human and animal
steroid estrogens (35, 65— 70). Table 4 summarizes key studies
of surface water levels of EE2 and the natural steroid
hormones E1 and E2. In general, in studies where steroid
hormones were detected above the detection limit, EE2 is
detected with the lowest frequency and at the lowest
concentration in comparison to E2 and E1 (7I). Studies
reviewed by the Environment Agency of the UK indicated
that when EE2 was detected in surface waters it was generally
found at concentrations less than 5 ng/L and often below 1
ng/L (71).

A 1999 US Geological Survey (USGS) of 139 U.S. streams
identified as high risk for domestic and industrial pollution
found EE2 was measured in 5.7% of these high risk regions
(limit of detection = 5 ng/L). While this limit of detection is
somewhat higher than other studies, the relatively low
occurrence of EE2 detection is consistent with those of
previously published investigations (72) that have lower limits
of detection.

Drinking Water Studies. Monitoring Studies. There are a
small number of reports that measure levels of EE2 in
drinking water. The studies that report estrogen levels in
source and finished drinking water, summarized in Table
5, primarily find that EE2 is below the limit of detection
(LOD =0.05ng/L—1ng/L) in drinking water in the UK and
the U.S. With the exception of one study in Germany, the
UK Environment Agency concluded from data available
through 2004 that EE2 and natural steroid estrogens were
not detected in drinking water above the LOD of 0.3 ng/L
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TABLE 4. Key Studies Measuring Surface Water Levels of E1, E2, and EE2°

reference location

Belfroid et al., 1999(27) The Netherlands

Williams et al., 2003 (73) UK

Kuch and Ballschmiter, German
2001 (35) Y

Ternes et al., 1999 (59) Germany

Benotti et al., 2009 (16) United States

2 LOD = limit of detection.

study details

11 samples from coastal
estuarine and freshwater
sources, LOD ranged from
0.1-0.6 ng/L

28 samples from 2 rivers, LOD
ranged from 0.1 ng/L-0.5 ng/L

31 samples from surface
waters downstream of
sewage treatment plants,
LOD = 200 pg/L

15 rivers, LOD = <0.5 ng/L

19 surface waters used as
drinking water sources before
treatment. Method reporting
limit was 0.2 ng/L for E1, 0.5
for EE2, and 1.0 for E2.

findings

EE2 found in 3 samples (mean < LOD)
E2 found in 4 samples (mean < LOD)
E1 found in 7 samples

(mean concn = 0.3 ng/L)

EE2 found in 9 samples
(mean concn = 0.7 ng/L)
E2 was found in 14 samples
(mean concn = 0.9 ng/L)

E1 found in all samples
(mean concn = 4.6 ng/L)

EE2 found in 15 samples
(concn range: <0.1-5.1 ng/L)
E2 found in 14 samples
(concn range: <0.15—3.6 ng/L)
E1 found in 29 samplest
(concn range: <0.1-4.1 ng/L)
no detection of EE2 or E2

E1 found in 3 rivers
(concn range; 0.7—1.6 ng/L)

Other studies have supported the
absence of EE2 in Germany (27, 63).

EE2 found in 1 sample (1.4 ng/L)

E1 found in 15 samples
(average = 0.3 ng/L)

E2 found in 1 sample (17 ng/L)

TABLE 5. Estrogen Concentrations in Source and Drinking Water®

U.S. Source Water?
no. of samples = 19

U.S. Drinking Water?
no. of samples = 18

German Drinking Water”
no. of samples = 10

median no. of samples LOD median no. of samples LOD median no. of samples LOD

estrogen (range) ng/L above LOD (ng/L) (range) ng/L a bove LOD  (ng/L) (range) ng/L above LOD  (ng/L)

E1 0.3 (<LOD-0.9) 15 0.2 <LOD 0 0.2 0.4(0.2—-0.6) 4 0.05
E2 17 (<LOD-17.0) 1 0.5 <LOD 0 0.5 0.3(0.2—-2.1) 5 0.1

EE2 1.4 (<LOD-1.4) 1 1 <LOD 0 0.35 (0.15—0.5) 4 0.05

nonylphenol 100 (<LOD-130) 8 80 97 (<LOD-110) 2 80 6.6(2.5—16) 10 0.05

2 Benotti et al.,, 2009 (U.S. data did not include a minimum detected level and only used samples above the LOD to
calculate the median values). ® Kuch and Ballschmitter, 2001. ° LOD = limit of detection.

in a review of all available studies from Europe, the U.S,,
and Japan (71).

Studies that measure EE2 in drinking water in the U.S.
suggest when present, it is typically at levels lower than the
detection level used by the USGS (1 ng/L) (16, 35, 71).

Model Estimates. A study published in early 2009 using
PhATE to estimates EE2 levels in U.S. found that EE2 sewage
effluent levels would range from 0.4 ng/L to 13 ng/L. The 13
ng/L is an upper estimate assuming no metabolism in the
body and no removal by sewage treatment plants. The lower
estimate of 0.4 ng/L assumes 50% metabolism and 82%
removal by sewage treatment removal. EE2 concentrations
in surface waters would be reduced further by in-stream
dilution and degradation. The estimates also do not account
for drinking water treatment. Treatment methods for drinking
water vary in their effectiveness to remove estrogens, but a
study by Benotti (2009) reports removal rates of 80—99% for
EE2, E1, and E2 via chlorine or ozone oxidation (16). Thus,
the PhATE model predicts less than 1 ng/L of EE2 in drinking
water. This model is useful in identifying measurement
outliers and suggests measurements greater than 1 ng/L may
come from locally generated sources (e.g., downstream of a
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pharmaceutical manufacturing facility or agricultural waste
stream) or that further evaluation of measurements is
warranted to ensure accuracy.

Agricultural Sources. Livestock excrete the same natural
estrogens (E1, E2, and E3) as humans, and there is a growing
body of research showing elevated estrogen levels in surface
and groundwater downstream of farms and agricultural land
(41, 74—77). In the U.S., livestock produce 133 million tons
of manure per year; 13-fold more solid waste than human
sanitary waste production (78). Table 6 shows the estrogen
excretion numbers for several types of livestock. An important
source of agricultural effluents is from Concentrated Animal
Farm Operations (CAFOs). The effluents are untreated, and
their use as an agricultural fertilizer is growing. In addition
to spreading manure for fertilizer, livestock waste can enter
the environment when rain causes overflow, or from runoff
and leaching into the soils near manure storage facilities
(32,33, 39, 78, 79). In addition to naturally excreted hormones,
livestock are also given prescribed hormones. However, it is
difficult to determine the contribution of natural versus
pharmaceutical estrogen to total livestock estrogen excretion,
as we found little information to distinguish the two. One



TABLE 6. Estimated Total Daily Estrogen Excretion of Different Livestock Species (ug/day)®

amount of total
estrogens excreted

species type in urine (uzg/day)
calves 15
cycling cows 99

cattle pregnant*** 320—-104,320
cycling sow 82

pig pregnant 700—-17,000
cycling ewes 3

sheep rams 3

amount of total total estrogens

estrogens excreted excreted per million
in feces (ug/day) day (¢g) heads (U.S.)

30 45 17
200 299 20
256—7300 576—111,620 43
21 103 --

61 -

20 23 25
22 25 0.6

? For cattle and sheep, data are estimated total of E1 + E2a + E2S + E3 excretions and includes hormones from
veterinary treatment (36). Pig data and pregnant cattle data are from ref 87. Number of animals were estimated by USDA

in 2001 (86).

study in 1995 found the use of veterinary estrogens was more
than five times the use of OCs (I). A recent review by
Combalbert and Hernandez-Raquet contains more recent
data on various levels of hormones in human and animal
waste. In human raw sewage effluents, E2 varies between 0.5
and 125 ng/L, while animal waste contains levels of E2 ranging
from 30—2500 ng/L (80).

Anumber of studies in Europe and the U.S. have measured
or estimated the contribution of livestock to total estrogens
in water. In the UK, it has been estimated that if just 1% of
the estrogens excreted by livestock reached water sources,
this would account for 15% of all the estrogens in water (81).
Another study estimates that animal waste contributes 90%
oftotal estrogens in the environment (82). E2 concentrations
were found to be as high as 3500 ng/L in surface runoff from
grasslands in Arkansas where poultry litter was applied as
fertilizer (83). U.S. aquifers under areas covered in animal
manure were found to have an E2 concentration of 37.6 ng/L
(84), and groundwater measurements of E2 ranged from 6
to 66 ng/Lin five springs in northwest Arkansas where poultry
litter and cattle manure were applied (85).

A study of 113 surface and groundwater samples in
northern California found that only 5% contained concen-
trations of estrogenic compounds high enough to induce a
vitellogenin response using an mRNA detection screen in
juvenile rainbow trout (87). They determined that the few
samples that induced vitellogenin response were from
agricultural-dominated waterways.

The agricultural studies indicate that livestock effluents
and runoff from manure are likely to be a significant source
of natural estrogens in the waterways and have the potential
to reach drinking water.

Pesticides. Many pesticides are known to have estrogenic
or antiandrogenic properties in a variety of species. Some of
them include the widely used atrazine (88—90), vinclozolin
(91—-93), and the organochlorine pesticides, such as DDT.
Because of widespread agricultural use, these pesticides have
been detected in surface water, groundwater, and drinking
water at varying levels. Atrazine is especially mobile in the
environment and is known to precipitate in rainfall (90, 94).
Pesticides are present in streams in 97% of agricultural and
urban areas, often at levels above quality benchmark doses
and often more than one pesticide is present in any one
location (95). In a USGS survey of U.S. drinking water wells,
70% of the samples contained at least one volatile organic
compound, pesticide, or anthropogenic nitrate, with values
ranging from 100 ng/L-100 ug/L (96). While the relative
potencies of these pesticides are typically 100—1000 times
less than E2, detected values are often 10—10,000 times higher
than natural estrogens and adverse effects can be seen on
aquatic amphibians at levels as low as 0.1 ppb (88) and at
ppm levels for other wildlife. While it is beyond the scope of

this paper to include an in-depth discussion of the estrogenic
contributions of pesticides, it is clear the widespread detec-
tion and, in some areas, high levels of detection are cause
for concern.

Plant-Based Sources. Phytoestrogens (estrogens produced
by plants) are found in various plant matter, such as nuts
and legumes and can be excreted by humans and livestock
after eating (97). They are also present in high quantities
near soy-processing facilities and other plant-based industries
such as biodiesel plants. Their potency varies, with values
ranging from 10*—10° times less potent than E2 (91).
Phytoestrogen entry into the environment is not as well
studied, and they are largely ignored as a potential contributor
to the estrogenicity of water. Yet, a recent study of 19 industrial
wastewater streams in Minnesota and Iowa found plant
estrogens at levels 250 times higher than the amount needed
to cause feminization in fish (38). The elevated levels of these
phytoestrogens were attributed to nearby industrial facilities
including soy milk factories, biodiesel factories, and dairies.
This study also measured elevated phytoestrogen levels
downstream from wastewater treatment plants. While stan-
dard treatment can remove more than 90% of the phy-
toestrogens, industrial factories that process large amounts
of soy, plant matter for biodiesel, and dairy products are
often found in small towns which may not have the municipal
treatment capabilities to remove phytoestrogens from the
water. Thus, in certain locations, plant-based phytoestrogens
may be an important contributor to the estrogenicity of the
water.

Industrial Chemicals. Industrial chemicals can enter
waterways through a variety of means, including point-
sources like manufacturing facilities, domestic and industrial
wastewater effluents, runoff from urban areas, and leaching
from landfills. There is a great deal of uncertainty regarding
the number of industrial chemicals with estrogenic activity
since many chemicals are untested for this effect. There are
many industrial chemicals present in the environment known
to have estrogenic properties of varying potencies, including
bisphenol A, polychlorinated biphenyls, brominated flame
retardants, alkylphenols, and others (19, 91, 98, 99). One study
of several classes of phenolic compounds found levels of
octylphenol, nonylphenol, BPA, and other phenolic com-
pounds from 0.13—3.6 ug/L in untreated wastewater and
0.16—0.36 ug/L in treated wastewater (100).

When studying estrogenicity of water samples, often a
“total estrogenicity” is measured in addition to the concen-
trations of E1, E2, and less often, EE2. “Total estrogenicity”
isusually determined in E2 equivalents by measuring in vitro
binding to estrogen receptors. However, several studies
measuring the total estrogenicity of wastewater report that
samples contained more estrogenic activity than was pre-
dicted from the chemical analysis of El, E2, and EE2
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concentrations, indicating other contributing factors (41).
Another study that investigated feminization of fish concludes
that xenoestrogens and (as yet unknown) chemicals with
antiandrogenic properties also contribute to sexual disruption
of aquatic species (101).

One specific example of industrial chemicals with the
ability to disrupt the estrogenic hormone system is the
alkylphenols. U.S. production of alkylphenol ethoxylates
exceeds 500 million pounds per year (102), with nonylphe-
nol’s production alone estimated at 340 million pounds (103).
The alkylphenols are used primarily for cleaning and sanitiz-
ing agents. The nonylphenol and octylphenol molecules, and
their degradation products can independently induce vi-
tellogenin production and inhibit testicular growth in fish at
levels as low as 10 ug/L (5). Nonylphenol caused adverse
reproductive effects in Medaka fish at levels as low as 17.7
ugl/L (47), and octylphenol significantly increased vitellogenin
production at levels as low as 3 ug/L.

The US Geological Survey reported that nonylphenol was
one of the most frequently detected industrial chemicals in
surface waters with a median concentration of 0.8 ug/L (17).
It is estimated 60% of the alkyphenols produced end up in
the aquatic environment after sewage treatment, either the
original molecule, or as shorter chain alkyl degradation
products (64). Effluents from domestic sewage treatment
plants can contain the original alkylphenolic compounds at
concentrations greater than 100 xg/L (5), and industrial
effluents can contain significantly more (104). Additionally,
other chemicals which can effect estrogenic activity, such as
BPA or triclosan, have been found at 25 ng/L and 1.2 ng/L,
respectively, in U.S. drinking water (16).

Alkylphenols are one example of the potentially thousands
of chemicals used in industry with the ability to disrupt the
estrogenic hormone system and also have the ability to con-
tribute to the estrogenic activity in water (3, 10, 11, 17, 105, 106).

Public Health Implications. It has been suggested that
environmental exposure to estrogenic chemicals are a risk
factor for several human health outcomes including testicular
dysgenesis syndrome, hypospadias, testicular cancer, breast
cancer, endometriosis, and decreased sperm counts (97,
107, 108). However, uncertainty in the science remains about
the nature and magnitude of risks that can occur from low-
level exposures to estrogenic chemicals (8). The Endocrine
Society has published a position statement stating “evidence
for adverse reproductive outcomes (infertility, cancers,
malformations) from exposure to endocrine disrupting
chemicals is strong, and there is mounting evidence for effects
on ... thyroid, neuroendocrine, obesity and metabolism, and
insulin and glucose homeostasis” (19). The statement details
the many EDCs, both estrogenic and those disrupting other
hormones, which have shown adverse health effects in animal
models. An additional concern with EDCs and other chemical
exposures is that it cannot be assumed that there is a threshold
for adverse health effects especially for vulnerable popula-
tions, which has also been echoed by the National Academy
of Sciences (109).

A study published in early 2010, using the PhATE model,
estimated exposure levels of natural and synthetic estrogens
from drinking water and compared drinking water exposure
to exposure from both milk intake for children and dietary
intake for adults (53). The study used the upper estimate of
the PhATE model of EE2 in drinking water and predicted
that exposure to EE2 in drinking water is at most 82 times
lower than background dietary exposure to estrogens for
adults. The study estimated that a child’s exposure to
estrogens from drinking water was about 150—250-fold
smaller than their exposure to estrogens from drinking milk.
All comparisons of estrogenicity were made using E2-
equivalents and thus accounts for the stronger potency of
EE2 (53).
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Discussion

While the overall contribution of EE2 to drinking water
estrogenicity appears to be less than from other sources, EE2
is an additional endocrine disrupting chemical that could
contribute to the feminization of aquatic species. Thus, there
are still steps that could to be taken to reduce levels of EE2
and begin to address the larger issue of endocrine-disrupting
chemicals in our environment.

Improved Wastewater Treatment. EE2 possesses the
potential to adversely influence wildlife iflocal concentrations
exceed levels of concern. Wastewater treatment and drinking
water treatment vary in their abilities to remove EE2 and
offer a point of intervention to reduce the levels of EE2
reaching animals and humans. While there is a range of
effectiveness, many existing sewage treatment plants have
been found to dramatically reduce EE2 concentrations in
the influent (29). Updating to more effective methods and
standardizing sewage treatment plants could contribute to
reducing levels of EE2 and other estrogenic contaminants.

Improved Detection Methods and Monitoring Programs.
Inexpensive, standardized methods for detection and de-
termining concentrations of estrogenicity should be devel-
oped for use by city and state water departments to
understand the extent of the issue. USGS data on EE2 in
surface water use a method with a detection limit of 5.0 ng/
L, which is much higher than the environmental risk level
of concern of 0.1 ng/L determined by the European Agency
(71). Until amore sensitive analysis of effluents, surface water,
and drinking water is performed in the U.S., itis not possible
to know the true distribution of EE2 in our water supplies.
Local water departments already test their water regularly to
monitor for contaminants. The addition of a centralized,
nationwide reporting mechanism for reporting levels of a
spectrum of the most prevalent and/or biological significant
estrogenic contaminants (including EE2) would improve the
ability to assess potential risks and the identification of at-
risk regions. Standardized methods for detection will help
ensure adequate removal of contaminants. Until there is
routine screening for EE2 and other estrogenic compounds
with appropriate limits of detection, it will be hard to fully
characterize the contributors to the estrogenicity of U.S.
waterways.

Improved Estrogenicity Tests. Estrogenicity tests give
varying results on the estrogenicity of a compound. In vitro
methods vary in their measurements of estrogenicity from
each other and vary greatly from in vivo methods. Many in
vitro methods only measure binding affinity to the estrogen
receptor which does not account for the many possible
biological pathways through which an endocrine disruptor
may act. Improved testing assays and standards for measuring
potency would improve the ability to compare results across
studies. The EPA started an Endocrine Disrupting Chemicals
Screening program in 1996 but has not screened any
chemicals to date and has only recently released a list of
EDCs for which to screen (110).

Chemical Policy Reform. There are tens of thousands of
chemicals (US-EPA) for which we have little or no data on
their potential to negatively influence health. Additionally,
current regulatory structure has been identified as insufficient
to require the necessary testing and subsequent regulation
of harmful chemicals (111—113). Moreover, previous pro-
grams enacted by Congress to develop and implement testing
protocols to identify endocrine disrupting chemicals have
been inadequate due to significant delays in implementation
and concerns about the sufficiency of testing. Requiring
information on the potential toxicity for chemicals on the
market is one critical step in identifying and reducing harmful
chemical exposures. Efforts are underway to address this
legislative gap with recent introductions of new legislation



in Congress (114, 115). New legislation and regulatory
activities need to address both required testing and ensure
that estrogenicity, as part of endocrine disruption, be
adequately addressed in testing and implementation protocol.

Reducing Overall Use of EE2. Even though the limited
evidence indicates EE2 is a relatively small contributor to
the overall estrogenicity of drinking water, efforts to reduce
the source of EE2, as part of an overall strategy for reducing
sources of other estrogenic substances in general, should be
pursued. These include low-dose OCs, which may reduce EE2
excretion by 28.5—43%, or reformulation to increase the efficacy
of absorption and lower excretion. Additionally, there are
nonhormonal methods of contraception including the copper
intrauterine device (IUD), diaphragms, or condoms.

Further Research. There are many areas of research which
would contribute to a better understanding of the risk of EE2
and other estrogenic compounds to the public’s health. These
research areas include the following:

* Investigating the role of agricultural sources such as CAFOs
and fertilizer applications to the overall estrogenicity of surface,
ground, and drinking water. Further efforts are need to identify
effective intervention strategies, including policy approaches
to reduce contribution to water contamination.

* Combined effects or additivity of endocrine disruptors
should be accounted for to better characterize the threat
posed by the combination and mixtures of the variety of
chemicals found in surface and drinking water.

* Toxicological assessments of common estrogenic con-
taminants and mixtures should be done, especially the
xenoestrogens like nonylphenols found in surface waters.

Conclusion

While the presence of estrogenic compounds in our envi-
ronment has garnered attention, this review has found the
contribution of OCs to overall estrogenicity in water is
relatively small compared to other natural and synthetic
estrogens. The risk of EE2 in surface waters to wildlife health
may pose problems locally, but the risk to human health
posed by EE2 at levels in drinking water appears to be
minimal. However, more research is needed to understand
how EE2 combines with the many other estrogenic sources
to affect wildlife and human health. Removing EE2 from the
market will have a negligible effect on the environment,
aquaticlife, and human health. However, removing OCs from
the market would be detrimental to women’s health and
their ability to decide the timing and spacing of their children
and would have societal and global implications. Future
efforts to reduce the overall estrogenicity of water should
take a broad approach to reducing the contribution from the
multiple sources, particularly those that are unregulated or
that are untreated.

Acknowledgments

The authors thank Reproductive Health Technologies Project,
who funded the internship under which this research took
place, including providing valuable feedback.

Literature Cited

(1) Arcand-Hoy, L. D.; Nimrod, A. C.; Benson, W. H. Endocrine-
modulating substances in the environment estrogenic effects
of pharmaceutical products. Int. J. Toxicol. 1998, 17 (2), 139-
158.
Christensen, F. M. Pharmaceuticals in the Environment--A
Human Risk. Regul. Toxicol. Pharmacol. 1998, 28 (3), 212-221.
Hogan, N.S.; Lean, D. R.; Trudeau, V. L. Exposures to estradiol,
ethinylestradiol and octylphenol affect survival and growth of
Rana pipiens and Rana sylvatica tadpoles. J. Toxicol. Environ.
Health, Part A 2006, 69 (16), 1555-69.
(4) Iwanowicz, L. R.; Blazer, V. S.; Guy, C. P,; Pinkney, A. E;
Mullican, J. E.; Alvarez, D. A. Reproductive health of bass in

(2

N

(3

=

the Potomac, USA, Drainage Part 1: Exploring the effects of
proximity to wastewater treatment plant discharge. Environ.
Toxicol. Chem. 2009, 28 (5), 1072-1083.

(5) Jobling, S.; Williams, R.; Johnson, A.; Taylor, A.; Gross-Sorokin,

M.; Nolan, M,; Tyler, C. R.; van Aerle, R.; Santos, E.; Brighty,

G. Predicted exposures to steroid estrogens in U.K. rivers

correlate with widespread sexual disruption in wild fish

populations. Environ. Health Perspect. 2006, 114 (1), 32-9.

Larsson, D. G.].; Adolfsson-Erici, M.; Parkkonen, J.; Pettersson,

M.; Berg, A. H.; Olsson, P. E,; Forlin, L. Ethinyloestradiol -- an

undesired fish contraceptive? Aquat. Toxicol. 1999, 45 (2—3),

91-97.

(7) Massart, F.; Parrino, R.; Seppia, P.; Federico, G.; Saggese, G.
How do environmental estrogen disruptors induce precocious
puberty. Minerva Pediatr. 2006, 58 (3), 247-54.

(8) Safe, S. Endocrine disruptors and human health: is there a
problem. Toxicology 2004, 205 (1-2), 3-10.

(9) Shore, L. S.; Gurevitz, M.; Shemesh, M. Estrogen as an
environmental pollutant. Bull. Environ. Contam. Toxicol. 1993,
51 (3), 361-6.

(10) Soto, A. M,; Lin, T.; Justicia, H.; Silvia, A.; Sonnenschein, C. An
“in culture” bioassay to assess the estrogenicity of xenobiotics
(E-screen). In Chemically induced alterations in sexual and
functional development. The wildlife/human connection; T.C.,
C.C., Eds.; Princeton Scientific Publishing: Princeton, NJ, 1992;
p 295.

(11) Sumpter, J. P. Xenoendocrine disrupters -- environmental
impacts. Toxicol. Lett. 1998, 102—103, 337-342.

(12) Velicu, M.; Suri, R. Presence of steroid hormones and antibiotics
in surface water of agricultural, suburban and mixed-use areas.
Environ. Monitor. Assess. 2009, 154 (1—4), 349-359.

(13) Zeilinger, J.; Steger-Hartmann, T.; Maser, E.; Goller, S.; Vonk,
R.; Lange, R. Effects of synthetic gestagens on fish reproduction.
Environ. Toxicol. Chem. 2009, 1.

(14) Guttmacher Institute, Facts on Contraceptive Use. In Institute,
G., Ed.; Washington, DC, January 2008.

(15) Falconer, L. R. Are endocrine disrupting compounds a health
risk in drinking water. Int. J. Environ. Res. Public Health 2006,
3 (2), 180-4.

(16) Benotti, M. J.; Trenholm, R. A.; Vanderford, B. J.; Holady, J. C,;
Stanford, B. D.; Snyder, S. A. Pharmaceuticals and Endocrine
Disrupting Compounds in US Drinking Water. Environ. Sci.
Technol. 2009, 43 (3), 597-603.

(17) Kolpin, D. W.; Furlong, E. T.; Meyer, M. T.; Thurman, E. M.;
Zaugg, S. D.; Barber, L. B.; Buxton, H. T. Pharmaceuticals,
Hormones, and Other Organic Wastewater Contaminants in
U.S. Streams, 1999—2000: A National Reconnaissance. Environ.
Sci. Technol. 2002, 36 (6), 1202-1211.

(18) Kolpin, D. W.; Furlong, E. T.; Meyer, M. T.; Thurman, E. M;
Zaugg, S. D.; Barber, L. B.; Buxton, H. T. Response to Comment
on Pharmaceuticals, Hormones, and Other Organic Wastewater
Contaminants in U.S. Streams, 1999—2000: A National Recon-
naissance. Environ. Sci. Technol. 2002, 36 (18), 4007-4008.

(19) Diamanti-Kandarakis, E.; Bourguignon, J. P.; Giudice, L. C;
Hauser, R,; Prins, G. S.; Soto, A. M.; Zoeller, R. T.; Gore, A. C.
Endocrine-Disrupting Chemicals: An Endocrine Society Sci-
entific Statement. Endocr. Rev. 2009, 30 (4), 293-342.

(20) Iwanowicz, L. R.; Blazer, V. S.; Guy, C. P.; Pinkney, A. E,;
Mullican, J. E.; Alvarez, D. A.; Reproductive health of bass in
the Potamac, U. S. A. Drainage: Part 1: Exploring the effects
of proximity to wastewater treatment plant discharge. Environ.
Toxicol. Chem. 2009, 28 (5), 1072-1083.

(21) Clouzot, L.; Marrot, B.; Doumeng, P.; Roche, N. 17 alpha-
ethinylestradiol: An endocrine disrupter of great concern.
Analytical methods and removal processes applied to water
purification. A review. Environ. Prog. 2008, 27 (3), 383-396.

(22) Kidd, K. A.; Blanchfield, P. J.; Mills, K. H.; Palace, V. P.; Evans,
R.E.,; Lazorchak, J. M.; Flick, R. W. Collapse of a fish population
after exposure to a synthetic estrogen. Proc. Natl. Acad. Sci.
U.S.A. 2007, 104 (21), 8897-8901.

(23) Kristof, N.It's Time to Learn from Frogs. New York Times 2009,
June 27.

(24) DiDiego, M. L.; Eggert, J. A.; Pruitt, R. H.; Larcom, L. L.
Unmasking the truth behind endocrine disruptors. Nurse
Pract. 2005, 30 (10), 54-9.

(25) Adler, P.; Steger-Hartmann, T.; Kalbfus, W. Distribution of
natural and synthetic estrogenic steroid hormones in water
samples from Southern and Middle Germany. Acta Hydrochim.
Hydrobiol. 2001, 29 (4), 227-241.

(26) Baronti, C.; Curini, R.; D’Ascenzo, G.; Di Corcia, A.; Gentili,
A.; Samperi, R. Monitoring Natural and Synthetic Estrogens
at Activated Sludge Sewage Treatment Plants and in a

6

=

VOL. 45, NO. 1, 2011 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 57



27)

(28)

(29)

(30)

(B

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

Receiving River Water. Environ. Sci. Technol. 2000, 34 (24),
5059-5066.

Belfroid, A. C.; Van der Horst, A.; Vethaak, A. D.; Schifer, A.J.;
Rijs, G. B.].; Wegener, J.; Cofino, W. P. Analysis and occurrence
of estrogenic hormones and their glucuronides in surface water
and waste water in The Netherlands. Sci. Total Environ. 1999,
225 (1-2), 101-108.

Byrns, G. The fate of xenobiotic organic compounds in
wastewater treatment plants. Water Res. 2001, 35 (10), 2523—
2533.

de Mes, T.; Zeeman, G.; Lettinga, G. Occurrence and Fate of
Estrone, 17p-estradiol and 17o-ethynylestradiol in STPs for
Domestic Wastewater. Rev. Environ. Sci. Biotechnol. 2005, 4
(4), 275-311.

Desbrow, C.; Routledge, E. J.; Sheahan, D.; Brighty, G. C,;
Waldock, M.; Sumpter, J. P. Identification of estrogenic
chemicals in STW effluent. 2. In vivo responses in trout and
roach. Environ. Sci. Technol. 1998, 32 (11), 1559-1565.
Fernandez, M. F.; Aguilar-Garduio, C.; Molina-Molina, J. M.;
Arrebola, J. P.; Olea, N. The total effective xenoestrogen burden,
abiomarker of exposure to xenoestrogen mixtures, is predicted
by the (anti)estrogenicity of its components. Reprod. Toxicol.
2008, 26 (1), 8-12.

Hanselman, T. A,; Graetz, D. A.; Wilkie, A. C. Manure-borne
estrogens as potential environmental contaminants: a review.
Environ. Sci. Technol. 2003, 37 (24), 5471-8.

Kolodziej, E. P.; Harter, T.; Sedlak, D. L. Dairy Wastewater,
Aquaculture, and Spawning Fish as Sources of Steroid Hor-
mones in the Aquatic Environment. Environ. Sci. Technol. 2004,
38 (23), 6377-6384.

Kuch, H. M.; Ballschmiter, K. Determination of endogenous
and exogenous estrogens in effluents from sewage treatment
plants at the ng/L-level. FreseniusJ. Anal. Chem. 2000, 366 (4),
392-5.

Kuch, H. M.; Ballschmiter, K. Determination of Endocrine-
Disrupting Phenolic Compounds and Estrogens in Surface and
Drinking Water by HRGC-(NCI)-MS in the Picogram per Liter
Range. Environ. Sci. Technol. 2001, 35 (15), 3201-3206.
Lange, 1. G,; Daxenberger, A.; Schiffer, B.; Witters, H.; Ibarreta, D.;
Meyer, H. H. D. Sex hormones originating from different livestock
production systems: fate and potential disrupting activity in the
environment. Anal. Chim. Acta 2002, 473, 27-37.

Leusch, F. D. L.; Chapman, H. F.; van den Heuvel, M. R,; Tan,
B. L. L; Gooneratne, S. R.; Tremblay, L. A. Bioassay-derived
androgenic and estrogenic activity in municipal sewage in
Australia and New Zealand. Ecotoxicol. Environ. Saf. 2006, 65
(3), 403-411.

Lundgren, M.; Novak, P. Quantification of phytoestrogens in
industrial waste streams. Environ. Toxicol. Chem. 2009, XxXXX.
Matthiessen, P.; Arnold, D.; Johnson, A. C.; Pepper, T. J.;
Pottinger, T. G.; Pulman, K. G. T. Contamination of headwater
streams in the United Kingdom by oestrogenic hormones from
livestock farms. Sci. Total Environ. 2006, 367 (2—3), 616-630.
Rajapakse, N.; Silva, E.; Kortenkamp, A. Combining xenoestro-
gens at levels below individual no-observed-effect concentra-
tions dramatically enhances steroid hormone action. Environ.
Health Perspect. 2002, 110 (9), 917-21.

Sarmah, A. K.; Northcott, G. L.; Leusch, F. D. L.; Tremblay, L. A.
A survey of endocrine disrupting chemicals (EDCs) in mu-
nicipal sewage and animal waste effluents in the Waikato region
of New Zealand. Sci. Total Environ. 2006, 355 (1—3), 135-144.
Tabata, A.; Kashiwada, S.; Ohnishi, Y.; Ishikawa, H.; Miyamoto,
N.; Itoh, M.; Magara, Y. Estrogenic influences of 17-beta
estradiol, p-nonylphenol and bis-phenol-A on Japanese Meda-
ka (Oryzias latipes) at detected environmental concentrations.
Water Sci. Technol. 2001, 43, 109-116.

Tan, B. L. L.; Hawker, D. W.; Miiller, J. F.; Leusch, F. D. L,;
Tremblay, L. A; Chapman, H. F. Comprehensive study of
endocrine disrupting compounds using grab and passive sampling
at selected wastewater treatment plants in South East Queensland,
Australia. Environ. Int. 2007, 33 (5), 654-669.

Ternes, T. A.; Stumpf, M.; Mueller, J.; Haberer, K.; Wilken, R. D.;
Servos, M. Behavior and occurrence of estrogens in municipal
sewage treatment plants -- I. Investigations in Germany,
Canada and Brazil. Sci. Total Environ. 1999, 225 (1-2), 81-90.
Tyler, C. R; Filby, A. L,; Bickley, L. K.; Cumming, R. I.; Gibson,
R.; Labadie, P.; Katsu, Y.; Liney, K. E.; Shears, J. A.; Silva-Castro,
V.; Urushitani, H.; Lange, A.; Winter, M. J.; Iguchi, T.; Hill,
E. M. Environmental Health Impacts of Equine Estrogens
Derived from Hormone Replacement Therapy. Environ. Sci.
Technol. 2009, 43 (10), 3897-3904.

58 m ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 45, NO. 1, 2011

(46)

(47)

(48)

(49)

(50)

(1)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

Williams, R.J.; Jiirgens, M. D.; Johnson, A. C. Initial predictions
of the concentrations and distribution of 17[beta]-oestradiol,
oestrone and ethinyl oestradiol in 3 English rivers. Water Res.
1999, 33 (7), 1663-1671.

Yokota, H. Life-cycle toxicity of 4-nonylphenol to medaka
(Oryzias latipes). Environ. Toxicol. Chem. 2001, 20 (11), 2552—
2560.

Thorpe, K. L.; Cummings, R. L; Hutchinson, T. H.; Scholze, M.;
Brighty, G.; Sumpter, J. P.; Tyler, C. R. Relative Potencies and
Combination Effects of Steroidal Estrogens in Fish. Environ.
Sci. Technol. 2003, 37 (6), 1142-1149.

Van den Belt, K.; Berckmans, P.; Vangenechten, C.; Verheyen,
R.; Witters, H. Comparative study on the in vitro/in vivo
estrogenic potencies of 17[beta]-estradiol, estrone, 17[alpha]-
ethynylestradiol and nonylphenol. Aquat. Toxicol. 2004, 66
(2), 183-195.

Schlenk, D. Are steroids really the cause for fish feminization?
A mini-review of in vitro and in vivo guided TIEs. Mar. Pollut.
Bull. 2008, 57 (6—12), 250-254.

Central Bureau of Statistics Statline. http://www.cbs.nl
(accessed month day, year).

Johnson, A. C; Belfroid, A.; Di Corcia, A. Estimating steroid
oestrogen inputs into activated sludge treatment works and
observations on their removal from the effluent. Sci. Total
Environ. 2000, 256 (2—3), 163-173.

Caldwell, D. J.; Mastrocco, F.; Nowak, E.; Johnston, J.; Yekel,
H.; Pfeiffer, D.; Hoyt, M.; DuPlessie, B. M.; Anderson, P. D. An
Assessment of Potential Exposure and Risk from Estrogens in
Drinking Water. Environ. Health Perspect. 2010, 118 (3), XXxx.
Hannah, R.; D’Aco, V.].; Anderson, P. D.; Buzby, M. E.; Caldwell,
D. J., Exposure Assessment of 17-alpha-Ethinyl Estradiol in
Surface Waters of the United States and Europe. In Pharma-
ceuticals and Personal Care Products in the Environment,
Environmental Toxicology and Chemistry: Philadelphia, 2009.
Kim, J. K;; Alley, D.; Hu, P.; Karlamangla, A.; Seeman, T.;
Crimmins, E. M. Changes in Postmenopausal Hormone
Therapy Use Since 1988. Women’s Health Issues 2007, 17 (6),
338-341.

Majumdar, S. R.; Almasi, E. A; Stafford, R. S. Promotion and
Prescribing of Hormone Therapy After Report of Harm by the
Women’s Health Initiative. JAMA 2004, 292 (16), 1983-1988.
Johnson, A. C.; Williams, R. J. A Model To Estimate Influent
and Effluent Concentrations of Estradiol, Estrone, and Ethi-
nylestradiol at Sewage Treatment Works. Environ. Sci. Technol.
2004, 38 (13), 3649-3658.

Reed, M.; Rotherby, K,; Steele, S. Metabolism of ethinylestradiol
in man. J. Endocrinol. 1972, 55, 351-361.

Ternes, T. A.; Kreckel, P.; Mueller, J. Behaviour and occurrence
of estrogens in municipal sewage treatment plants -- II. Aerobic
batch experiments with activated sludge. Sci. Total Environ.
1999, 225 (1-2), 91-99.

Johnson, A. C.; Sumpter, J. P. Removal of endocrine-disrupting
chemicals in activated sludge treatment works. Environ. Sci.
Technol. 2001, 35 (24), 4697-4703.

Vader, J. S.; van Ginkel, C. G.; Sperling, F.; de Jong, J.; de Boer,
W.; de Graaf, J. S;; van der Most, M.; Stokman, P. G. W.
Degradation of ethinyl estradiol by nitrifying activated sludge.
Chemosphere 2000, 41 (8), 1239-1243.

Snyder, S. A., Wert, E. C., Lei, H. X., Westerhoff, P., Yoon, Y.
Removal of EDCs and Pharmaceuticals in Drinking and Reuse
Treatment Processes; Awwa Research Foundation: Denver, CO,
2007; p 331.

Westerhoff, P.; Yoon, Y.; Snyder, S.; Wert, E. Fate of Endocrine-
Disruptor, Pharmaceutical, and Personal Care Product Chemi-
cals during Simulated Drinking Water Treatment Processes.
Environ. Sci. Technol. 2005, 39 (17), 6649-6663.

Gibs, J.; Stackelberg, P. E.; Furlong, E. T.; Meyer, M.; Zaugg,
S. D.; Lippincott, R. L. Persistence of pharmaceuticals and
other organic compounds in chlorinated drinking water as a
function of time. Sci. Total Environ. 2007, 373 (1), 240-249.
Filali-Meknassi, Y.; Auriol, M.; Adams, C. D.; Surampalli, R. Y.
Quantification of steroid sex hormones using solid-phase
extraction followed by liquid chromatography-mass spec-
trometry. Water Environ. Res. 2007, 79 (6), 687-696.
Lagana, A.; Fago, G.; Marino, A.; Santarelli, D. Liquid chro-
matography tandem mass spectrometry applied to the analysis
of natural and synthetic steroids in environmental waters. Anal.
Lett. 2001, 34 (6), 913-926.

Lin, Y. H.; Chen, C.Y.; Wang, G. S. Analysis of steroid estrogens
in water using liquid chromatography/tandem mass spec-
trometry with chemical derivatizations. Rapid Commun. Mass
Spectrom. 2007, 21 (13), 1973-1983.



(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

Lopez de Alda, M. J.; Diaz-Cruz, S.; Petrovic, M.; Barcelo, D.
Liquid chromatography-(tandem) mass spectrometry of se-
lected emerging pollutants (steroid sex hormones, drugs and
alkylphenolic surfactants) in the aquatic environment. J. Chro-
matogr., A 2003, 1000 (1—2), 503-26.

Rubies, A.; Cabrera, A.; Centrich, F. Determination of synthetic
hormones in animal urine by high-performance liquid chro-
matography/mass spectrometry. J. AOAC Int. 2007, 90 (2), 626—
632.

Wu, T.; Wang, W. Y,; Jiang, L. M.; Chu, Q. C.; Delaire, J.; Ye,
J. N. Determination of natural and synthetic endocrine-
disrupting chemicals (EDCs) in sewage based on SPE and
MEKC with amperometric detection. Chromatographia 2008,
68 (5—6), 339-344.

UK Environment Agency. Proposed Predicted-No-Effect-
Concentrations (PNECs) for Natural and Synthetic Steroid
Estrogens in Surface Waters; Bristol, UK, 2002.

Ericson, J. F.; Laenge, R.; Sullivan, D. E. Comment on
“Pharmaceuticals, hormones, and other organic wastewater
contaminants in U.S. streams, 1999—2000: a national recon-
naissance”. Environ. Sci. Technol. 2002, 36 (18), 4005-6; author
reply 4007-8.

Williams, R. J.; Johnson, A. C.; Smith, J. J. L.; Kanda, R. Steroid
estrogens profiles along river stretches arising from sewage
treatment works discharges. Environ. Sci. Technol. 2003, 37
(9), 1744-1750.

Burnison, B. K,; Hartmann, A,; Lister, A.; Servos, M. R.; Ternes,
T.; Van Der Kraak, G. A toxicity identification evaluation
approach to studying estrogenic substances in hog manure
and agricultural runoff. Environ. Toxicol. Chem. 2003, 22 (10),
2243-2250.

Soto, A. M.; Calabro, J. M.; Prechtl, N. V.; Yau, A. Y.; Orlando,
E. F.; Daxenberger, A.; Kolok, A. S.; Guillette, L. J.; le Bizec, B.;
Lange, I. G.; Sonnenschein, C. Androgenic and estrogenic
activity in water bodies receiving cattle feedlot effluent in
eastern Nebraska, USA. Environ. Health Perspect. 2004, 112
(3), 346-352.

Arnon, S.; Dahan, O.; Elhanany, S.; Cohen, K.; Pankratov, L.;
Gross, A.; Ronen, Z.; Baram, S.; Shore, L. S. Transport of
testosterone and estrogen from dairy-farm waste lagoons to
groundwater. Environ. Sci. Technol. 2008, 42 (15), 5521-6.
Laegdsmand, M.; Andersen, H.; Jacobsen, O. H.; Halling-
Sorensen, B. Transport and Fate of Estrogenic Hormones in
Slurry-treated Soil Monoliths. J. Environ. Qual. 2009, 38 (3),
955-964.

Burkholder, J.; Libra, B.; Weyer, P.; Heathcote, S.; Kolpin, D.;
Thorne, P. S.; Wichman, M. Impacts of waste from concentrated
animal feeding operations on water quality. Environ. Health
Perspect. 2007, 115 (2), 308-12.

Lorenzen, A.; Hendel, J. G.; Conn, K. L; Bittman, S.; Kwabiah,
A.B.;Lazarovitz, G.; Masse, D.; McAllister, T. A.; Topp, E. Survey
of hormone activities in municipal biosolids and animal
manures. Environ. Toxicol. 2004, 19 (3), 216-225.
Combalbert, S.; Hernandez-Raquet, G. Occurrence, fate, and
biodegradation of estrogens in sewage and manure. Appl.
Microbiol. Biotechnol. 2010, 86 (6), 1671-92.

Johnson, A. C.; Williams, R. J.; Matthiessen, P. The potential
steroid hormone contribution of farm animals to freshwaters,
the United Kingdom as a case study. Sci. Total Environ. 2006,
362 (1-3), 166-178.

Maier, R; Pepper, I; Gerba, C., Terrestrial Environment. In Envi-
ronmental Microbiology, Academic Press: 2000; pp 61—80.
Nichols, D. J.; Daniel, T. C.; Moore, P. A., Jr.; Edwards, D. R.;
Pote, D. H. Runoff of Estrogen Hormone 17-Estradiol from
Poultry Litter Applied to Pasture. J. Environ. Qual. 1997, 26
(4), 1002-1006.

Khanal, S. K.; Xie, B.; Thompson, M. L.; Sung, S.; Ong, S. K,;
Van Leeuwent, J. Fate, transport, and biodegradation of natural
estrogens in the environment and engineered systems. Environ.
Sci. Technol. 2006, 40 (21), 6537-46.

Peterson, E. W.; Davis, R. K.; Orndorff, H. A. 17-beta-estradiol
as an indicator of animal waste contamination in mantled
karst aquifers. J. Environ. Qual. 2000, 29, 826-834.

National Agricultural Statistics Service. In 2001 ed.; United
States Department of Agriculture: 2001.

de Vlaming, V.; Biales, A.; Riordan, D.; Markiewicz, D.; Holmes,
R.; Otis, P.; Zander, R.; Lazorchak, J. Screening California surface
waters for estrogenic endocrine disrupting chemicals (EEDC)
with a juvenile rainbow trout liver vitellogenin mRNA pro-
cedure. Sci. Total Environ. 2007, 385 (1—3), 66-79.

Hayes, T. B.; Khoury, V.; Narayan, A.; Nazir, M.; Park, A.; Brown,
T.; Adame, L.; Chan, E.; Buchholz, D.; Stueve, T.; Gallipeau, S.

(89)

(90)

(C2Y]

(92)

(93)

(99)

(95)

(96)

97)

(98)

(99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

(108)

Atrazine induces complete feminization and chemical castra-
tion in male African clawed frogs (Xenopus laevis). Proc. Natl.
Acad. Sci. U.S.A. 2010, 107 (10), 4612-7.

Rohr, J. R.;; McCoy, K. A. A qualitative meta-analysis reveals
consistent effects of atrazine on freshwater fish and amphib-
ians. Environ. Health Perspect. 2010, 118 (1), 20-32.
Solomon, K. R; Carr, J. A;; Du Preez, L. H.; Giesy, J. P.; Kendall,
R. J.; Smith, E. E; Van Der Kraak, G. J. Effects of atrazine on
fish, amphibians, and aquatic reptiles: a critical review. Crit.
Rev. Toxicol. 2008, 38 (9), 721-72.

Gutendorf, B.; Westendorf, J. Comparison of an array of in
vitro assays for the assessment of the estrogenic potential of
natural and synthetic estrogens, phytoestrogens and xe-
noestrogens. Toxicology 2001, 166 (1—2), 79-89.

Jobling, S.; Burn, R. W.; Thorpe, K.; Williams, R.; Tyler, C.
Statistical modeling suggests that antiandrogens in effluents
from wastewater treatment works contribute to widespread
sexual disruption in fish living in English rivers. Environ. Health
Perspect. 2009, 117 (5), 797-802.

Molina-Molina, J. M.; Hillenweck, A.; Jouanin, I1.; Zalko, D.;
Cravedi, J. P.; Fernandez, M. F.; Pillon, A.; Nicolas, J. C.; Olea,
N.; Balaguer, P. Steroid receptor profiling of vinclozolin and
its primary metabolites. Toxicol. Appl. Pharmacol. 2006, 216
(1), 44-54.

Thurman, E. M.; Cromwell, A. E. Atmospheric Transport,
Deposition, and Fate of Triazine Herbicides and Their Me-
tabolites in Pristine Areas at Isle Royale National Park. Environ.
Sci. Technol. 2000, 34 (15), 3079-3085.

Gilliom, R. J.; Pesticides in, U. S. streams and groundwater.
Environ. Sci. Technol. 2007, 41 (10), 3408-14.

Squillace, P. J.; Scott, J. C.; Moran, M. J.; Nolan, B. T.; Kolpin,
D. W. VOCs, pesticides, nitrate, and their mixtures in ground-
water used for drinking water in the United States. Environ.
Sci. Technol. 2002, 36 (9), 1923-30.

Adlercreutz, H.; Bannwart, C.; Wéhald, K.; Mékeld, T.; Brunow,
G.; Hase, T.; Arosemena, P. J.; Kellis Jr, J. T.; Vickery, L. E.
Inhibition of human aromatase by mammalian lignans and
isoflavonoid phytoestrogens. J. Steroid Biochem. Mol. Biol.
1993, 44 (2), 147-153.

Sumpter, J. P. Feminized responses in fish to environmental
estrogens. Toxicol. Lett. 1995, 82—83, 737-742.
Sonnenschein, C.; Soto, A. M. An updated review of environ-
mental estrogen and androgen mimics and antagonists. J.
Steroid Biochem. Mole. Biol. 1998, 65 (1—6), 143-150.
Korner, W.; Bolz, U.; Sussmuth, W.; Hiller, G.; Schuller, W.;
Hanf, V.; Hagenmaier, H. Input/output balance of estrogenic
active compounds in a major municipal sewage plant in
Germany. Chemosphere 2000, 40 (9—11), 1131-42.

Jobling, S.; Burn, R. W.; Thorpe, K.; Williams, R.; Tyler, C.
Statistical Modeling Suggests that Antiandrogens in Effluents
from Wastewater Treatment Works Contribute to Widespread
Sexual Disruption in Fish Living in English Rivers. Environ.
Health Perspect. 2009, 117 (5), 797-802.

Soto, A. M,; Sonnenschein, C.; Chung, K; Fernandez, M.; Olea,
N.; Serrano, F. The E-SCREEN assay as a tool to identify
estrogens: an update on estrogenic environmental pollutants.
Environ. Health Perspect. 1995, 103 (7), 113-122.

APE Research Council Chemical Profile: Nonylphenol. http://
www.aperc.org/nonylphenol.pdf (accessed Aug 18).

Ahel, M.; Giger, W. Determination of alkylphenols and alky-
Iphenol mono- and diethoxylates in environmental samples
by high-performance liquid chromatography. Anal. Chem.
1985, 57 (8), 1577-1583.

Miller, D.; Wheals, B. B.; Beresford, N.; Sumpter, J. P. Estrogenic
activity of phenolic additives determined by an in vitro yeast
bioassay. Environ. Health Perspect. 2001, 109 (2), 133-138.
Bolz, U.; Hagenmaier, H.; Kérner, W. Phenolic xenoestrogens
in surface water, sediments, and sewage sludge from Baden-
Wiirttemberg, south-west Germany. Environ. Pollut. 2001, 115
(2), 291-301.

Harris, H. A,; Albert, L. M.; Leathurby, Y.; Malamas, M. S.;
Mewshaw, R. E.; Miller, C. P.; Kharode, Y. P.; Marzolf, J.; Komm,
B. S.; Winneker, R. C,; Frail, D. E.; Henderson, R. A.; Zhu, Y.;
Keith, J. C., Jr. Evaluation of an estrogen receptor-beta agonist
in animal models of human disease. Endocrinology 2003, 144
(10), 4241-9.

Skakkebak, N. E.; Rajpert-De Meyts, E.; Main, K. M. Testicular
dysgenesis syndrome: an increasingly common developmental
disorder with environmental aspects: Opinion. Hum. Reprod.
2001, 16 (5), 972-978.

VOL. 45, NO. 1, 2011 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 59



(109) National Academy of Science. Science and Decisions: Advancing
Risk Assessment, National Research Council Committee on
Improving Risk Analysis Approaches Used by the U.S. EPA:
Washington, DC, 2008.

(110) USEPAEndocrine Disruptor Screening Program (EDSP). http://
www.epa.gov/endo/ (accessed August 20).

(111) Office, U. S. G. A. Observations on Improving the Toxic
Substances Control Act. In Washington, DC, 2009; Vol. GAO-
10-292T, p 18.

(112) Office, U.S. G. A. Process Reforms Offer the Potential to Address Key
Problems. In Washington, DC, 2009; Vol. GAO-09-774, p 13.

60 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 45, NO. 1, 2011

(113) Office, U. S. G. A. Options for Enhancing the Effectiveness of
the Toxic Substances Control Act. In Washington, DC, 2009;
Vol. GAO-09-428T, p 20.

(114) Toxic Chemicals Safety Act of 2010. In introduced, Committee
on Energy and Commerce, US House of Representatives: US,
2010.

(115) Safe Chemicals Act of2010. In introduced, United States Senate:
Us, 2010.

ES1014482



