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Abstract
Background, goals, and scope In response to increasing
concerns regarding the potential of chemicals to interact
with the endocrine system of humans and wildlife, various
national and international programs have been initiated with
the aim to develop new guidelines for the screening and
testing of these chemicals in vertebrates. Here, we report on
the validation of an in vitro assay, the H295R steroidogen-

esis assay, to detect chemicals with the potential to inhibit
or induce the production of the sex steroid hormones
testosterone (T) and 17β-estradiol (E2) in preparation for the
development of an Organization for Economic Cooperation
and Development (OECD) test guideline.
Methods A previously optimized and pre-validated protocol
was used to assess the potential of 28 chemicals of diverse
structures and properties to validate the H295R steroidogen-
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esis assay. These chemicals are comprised of known
endocrine-active chemicals and “negative” chemicals that
were not expected to have effects on the targeted endpoints, as
well as a number of test chemicals with unknown modes of
action at the level of the steroidogenic pathway. A total of
seven laboratories from seven countries participated in this
effort. In addition to effects on hormone production, confounding factors, such as cell viability and possible direct
interference of test substances with antibody-based hormone
detection assays, were assessed. Prior to and during the
conduct of exposure experiments, each laboratory had to
demonstrate that they were able to conduct the assay within
the margin of predefined performance criteria.
Results With a few exceptions, all laboratories met the key
quality performance parameters, and only 2% and 7% of all
experiments for T and E2, respectively, were excluded due
to exceedance of these parameters. Of the 28 chemicals
analyzed, 13 and 14 tested affected production of T and E2,
respectively, while 11 and 8 did not result in significant
effects on T and E2 production, respectively. Four and six
chemicals produced ambiguous results for effects on T and
E2 production, respectively. However, four of these cases
each for T and E2 were associated with only one laboratory
after a personnel change occurred. Significant interference
of test chemicals with some of the antibody-based hormone
detection systems occurred for four chemicals. Only one of
these chemicals, however, significantly affected the ability
of the detection system to categorize the chemical as
affecting E2 or T production.
Discussion and conclusions With one exception, the
H295R steroidogenesis assay protocol successfully identified the majority of chemicals with known and unknown
modes of interaction as inducers or inhibitors of T and E2
production. Thus it can be considered a reliable screen for
chemicals that can alter the production of sex steroid
hormones. One of the remaining limitations associated with
the H295R steroidogenesis assay protocol is the relatively
small basal production of E2 and its effect on quantifying
the decreased production of this hormone with regard to the
identification of weak inhibitors. An initial comparison of
the data produced in this study with those from in vivo
studies from the literature demonstrated the potential of the
H295R steroidogenesis assay to identify chemicals affecting hormone homeostasis in whole organisms. Particularly
promising was the lack of any false negatives during the
validation and the very low number of false positives (1 out
of 28 chemicals for each T and E2).
Perspectives Based on the results obtained during this
validation study and the accordingly revised test protocols,
an OECD draft test guideline was developed and submitted
to the OECD working group of the national coordinators of
the test guidelines program (WNT) for comments in
December 2009.
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1 Introduction
In response to increasing concerns regarding the potential
of chemicals to interact with the endocrine system of
humans and wildlife, various national and international
programs have been initiated with the aim of developing
new guidelines for screening and testing of these chemicals
in vertebrates (OECD 1998, 2002; EDSTAC 1998). One of
the leading and first nationally, legally binding programs
was the endocrine disruptor screening program (EDSP) of
the US Environmental Protection Agency (EPA), which
employs a battery of in vitro and in vivo screening assays to
assess the endocrine disrupting potential of a chemical.
Specifically, the US Congress included a provision in the
Food Quality Protection Act of 1996 adding section 408 to
the Federal Food, Drug, and Cosmetic Act (FFDCA). This
section of the FFDCA requires EPA to “… develop a
screening program, using appropriate validated test systems
and other scientifically relevant information, to determine
whether certain substances may have an effect in humans
that is similar to an effect produced by a naturally occurring
estrogen, or other such endocrine effect as the Administrator
may designate [21 USC 346 (p)]” Subsequent to passage of
the act, EPA formed the Endocrine Disruptor Screening and
Testing Advisory Committee (EDSTAC), a committee of
scientists and stakeholders that was charged with the duty to
provide EPA with recommendations on how to implement its
EDSP. Upon recommendations from EDSTAC, the EDSP
was expanded using the Administrator’s discretionary authority to include the androgen and thyroid hormone systems and
wildlife effects as well as the originally mandated effects
relating to estrogen. EPA accepted the EDSTAC’s recommendations for a two-tier screening program (EPA 1998).
Recognizing the global relevance of the issue of endocrine
disruption, in addition to the US EPA activities, the
Organization for Economic Cooperation and Development
(OECD) initiated a high-priority activity in 1998 to revise
existing, and to develop new, test guidelines for the screening
and testing of potential endocrine disrupting chemicals. The
OECD conceptual framework for testing and assessment of
potential endocrine disrupting chemicals comprises five
levels, each level corresponding to a different level of
biological complexity (OECD 2002).
The objective of the steroidogenic screening assay is to
detect substances that would disrupt estradiol and testosterone production. The steroidogenic assay is intended to
identify xenobiotics that have as their target site(s)
components that comprise the biochemical pathway begin-

Environ Sci Pollut Res (2011) 18:503–515

ning with the sequence of reactions occurring after the
gonadotropin hormone receptors [follicle-stimulating hormone receptor (FSHR) and luteinizing hormone receptor
(LHR)] up through the production of the terminal sex
steroid hormones, i.e., testosterone (males) and estradiol/
estrone (females). The steroidogenic assay is not intended
to identify substances that affect steroidogenesis due to
effects on the hypothalamus or pituitary gland or on storage
or release of sex steroid hormones. Based on the objectives
described above, the most promising assay for use as a
screen would be a relatively fast, inexpensive, technically
simple assay that identifies substances that alter sex steroid
hormone production due to direct effects on the enzymes
or other endogenous components of the steroidogenic
pathway.
One of the assays recommended by EDSTAC as a Tier 1
screen was an in vitro rodent minced testis assay screen to
detect chemicals with the potential to disrupt steroid
hormone production (EDSTAC 1998). Despite its long
history of use, the rodent minced testis assay had not been
optimized at the time that it was recommended by
EDSTAC. EPA conducted a series of studies to optimize
the assay and evaluate its suitability to serve a function in
the EDSP testing battery. Preliminary inter-laboratory
studies exhibited large variability within and among
laboratories (Battelle 2005). However, the seemingly
insurmountable problem of assessing cytotoxicity specific
to Leydig cells led EPA’s advisory committee to recommend that EPA abandon further work on the minced testis
assay (EDMVAC 2005). As a consequence, there was a
need for a less variable and more reliable in vitro test
system(s) as an alternative to the minced testis assay. One
assay that offered promise with regard to the characterization of inducers and/or inhibitors of sex steroid production
was the H295R steroidogenesis assay (Hecker et al. 2006;
Hecker and Giesy 2008).
Development and standardization of the H295R
steroidogenesis assay as a screen for the evaluation of the
effects of chemicals on the synthesis of T and E2 has been
conducted in a multistep process. The results of the assay
optimization process and the pre-validation efforts undertaken to date have been reported previously (Hecker et al.
2006, 2007). After initial development of the assay, US
EPA presented a progress report on the development of the
H295R assay to an OECD committee and invited member
countries to join the USA in its further standardization and
validation. This invitation was accepted by laboratories in
Japan, Denmark, Germany, Hong Kong, and Korea.
Validation is a scientific process designed to characterize
the operational characteristics and limitations of a test
method and to demonstrate its reliability and relevance for a
particular purpose. OECD Guidance Document 34 provides
the principles of test validation and practical guidance for
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validation that are followed by OECD. These principles
were set forth in the report from a workshop on validation
in Solna (OECD 1996) and are consistent with the
approaches used in Europe by the European Center for
Validation of Alternative Methods (ECVAM 1995) and the
US Interagency Coordinating Committee on Validation of
Alternative Methods (ICCVAM 1997). Here, the results of
an inter-laboratory study that was part of the final
validation of a H295R protocol in accordance with the
OECD guidelines are presented.
Using three model chemicals tested by five independent
laboratories, an inter-laboratory pre-validation study was
conducted to develop the H295R steroidogenesis assay
protocol (Hecker et al. 2007). These studies indicated that
the H295R test protocol was capable of characterizing the
effect of chemicals on the production of T and E2. The goal
of the present project was to further validate the H295R
steroidogenesis assay by assessing the transferability,
flexibility, and applicability of an improved and revised
protocol (http://www.epa.gov/endo/pubs/assayvalidation/
h295r_pr.htm) across several laboratories using an extended
test set of 28 chemicals selected and approved by the
OECD Validation and Management Group for Non-Animal
Testing (VMG NA).

2 Materials and methods
2.1 Study protocol
Based on the results obtained during the initial prevalidation studies (Hecker et al. 2006), a standardized
H295R steroidogenesis assay protocol was developed
(http://www.oecd.org/dataoecd/56/11/44285292.pdf). In
brief, cells were to be cultured under standard cell culture
conditions as described in the H295R steroidogenesis assay
protocol (http://www.oecd.org/dataoecd/56/11/44285292.
pdf) for a minimum of four to five passages to ensure
sufficient basal E2 production (cell age was not to exceed
ten passages). The assay was then performed in 24-well
culture plates (Hecker et al. 2007). Cells were seeded at a
density of approximately 200,000 to 300,000 cells/ml, and
after an acclimation period of 24 h cells were exposed for
48 h to seven concentrations between 0.0001 and 100 μM
of the test chemical in triplicate. In parallel, a plate in which
cells were exposed to a known inhibitor (prochloraz) and
inducer (forskolin) of hormone production was run as a
quality control (QC) measure. At the end of the exposure
period, the medium was removed from each well, and
hormones were extracted using ethyl ether (note: one
laboratory did not conduct extraction; in this case, the
medium was directly used in the assay; Table 1). Cell
viability in each well was analyzed immediately after
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Table 1 Type of hormone detection assay and extraction used by the
participating laboratories
Lab

Hormone detection system

Extraction

1
2
3
4
6

ELISA, LC-MSa
ELISA
RIA
ELISA
ELISA

Ether
Ether
No
Ether
Ether

ELISA Enzyme linked immunoassay, LC-MS liquid chromatography
mass spectroscopy, RIA radio immunoassay
a

QC plate hormone results were confirmed using LC-MS analysis

removal of medium by means of the MTT assay (Mosman
1983) or the Live/Dead® variability assay (Invitrogen,
Carlsbad, CA, USA). All concentrations, where cell
viability was less than or equal to 80%, were excluded
from the data analysis. Concentrations of hormones in
medium were measured using commercially available
hormone detection kits (Table 1). Responses measured by
means of antibody-based assays in the QC plate experiments were confirmed by instrumental techniques [liquid
chromatography mass spectroscopy (LC-MS)] at Lab 1
following the method described by Chang et al. (2010; data
not shown). Each experiment was repeated three times with
exception of Labs 1 and 3, where one and two replicate
experiments were conducted per chemical, respectively.
Laboratories were required to demonstrate competence
in performing all of the procedures that are part of the
H295R steroidogenesis assay prior to testing chemicals
(Table 2). The QC that was part of the actual conduct of the
assay to allow for the evaluation of the assay performance
during each experiment also served as a benchmark for
determining laboratory competence prior to the initiation of
chemical testing.

Prior to initiation of the actual exposure experiments,
each chemical was tested for potential interference with the
hormone detection system used. This was of particular
relevance for antibody-based assays such as enzyme-linked
immunoassays (ELISAs) and radio immunoassays (RIAs)
because it has been previously shown that some chemicals
can interfere with these tests (Shapiro and Page 1976;
Puddefoot et al. 2002; Villeneuve, personal communication).
2.2 Participating laboratories
A total of seven laboratories from the USA, Denmark,
Germany, Japan, Hong Kong, and Canada, each with
different levels of experience in conducting the H295R
steroidogenesis assay, were invited to participate in this
validation study. Inclusion of laboratories with different
levels of proficiency in conducting the assay was essential
to evaluate the completeness of the test protocols and their
transferability. Each laboratory was assigned a random code
number (1–7) as part of the study. However, part way
through the study, two of the seven laboratories decided to
cease their participation in the validation studies. Thus,
with the exception of the QC exposure data, only the data
for the remaining five laboratories that completed the
validation studies is presented (Labs 1, 2, 3, 4, and 6).
2.3 Selection and testing of chemicals
A total of 28 chemicals were selected in this study to
validate the H295R steroidogenesis assay as a screen for
potential effects of endocrine-disrupting chemicals on the
production of T and E2 (Supplemental Materials). These
chemicals were selected based on their known or suspected
endocrine activity, or lack thereof, and included inhibitors
and inducers of different potencies as well as positive and
negative controls. Where possible, the test set of chemicals

Table 2 Performance criteria to be met by each laboratory during experiments
System

Parameter

Comparison to/between

T

E2

Hormone detection system Sensitivity
Precision

≥2-fold
≤25%

≥2-fold
≤25%

Cell assay

≥5-fold
≤30%
≥2-fold

≥2.5-fold
≤30%
≥7.5-fold

Detectable fold decrease relative to SC
CV among replicate measures (absolute concentrations)
of the same well for SCs
Basal hormone production in SCs Fold greater than LOQ of hormone detection system
Precision (SCs)
CV among absolute concentrations of replicate wells
Sensitivity (induction @
Fold greater than SC
10 μM forskolin)
Sensitivity (inhibition @
Fold less than SC
3 μM prochloraz)

≥0.5-fold ≥0.5-fold

Induction and inhibition refer to the relative change in hormone production after exposure to 10 μM forskolin or 3 μM prochloraz, respectively, in
the QC plates
CV Coefficient of variation (%), LOQ limit of quantification, SC solvent control

Environ Sci Pollut Res (2011) 18:503–515

507

was harmonized with those used in other steroidogenesis
assays currently under development or in validation [e.g.,
the Registration, Evaluation, Authorisation and Restriction
of Chemical substances (REACH) program].
Prior to the start of the validation studies, all chemicals
were pre-analyzed by the lead laboratory (Lab 1). To reduce
the workload for individual laboratories, each of the other
groups tested a total of 17 to 18 chemicals. Each chemical
set consisted of a “core group” of 12 chemicals that were
tested in parallel by all laboratories. In addition, three
laboratories plus the lead laboratory conducted assays on a
different set of five or six chemicals selected from the 16
chemicals that did not comprise the core chemicals. That is,
the 16 non-core chemicals were divided into three
subgroups of five to six chemicals, and each chemical
subgroup was tested by one laboratory [total number of
laboratories=4, so that with two laboratories (lead and one
test lab) testing five to six different chemicals, all 16 of the
non-core chemicals were analyzed].
2.4 Statistical methods
All data were expressed as mean±standard error of the
mean (SEM). To examine the relative changes in hormone
production, results were normalized to the mean solvent
control (SC) value for each assay (i.e., each 24-well plate of
cells used to test a given chemical), and results were
expressed as percent change relative to the SC. Prior to
conducting statistical analyses, the assumptions of data
normality and variance of homogeneity were evaluated.
Normality was evaluated using standard probability plots
or the Shapiro–Wilk’s test. If the data were normally
distributed or approximated a normal distribution, differences between chemical treatments and SCs were analyzed

using one-way analysis of variance (ANOVA) followed by
a two-sided Dunnett’s test. If data were not normally
distributed, the Kruskal–Wallis test followed by the
Mann–Whitney U test were used. Data analysis was
conducted using pooled replicate experiments. All statistical analyses were conducted using SYSTAT 11 (SYSTAT
Software, Point Richmond, CA) Differences were considered significant at p<0.05.

3 Results and discussion
3.1 Laboratory performance assessment
With a few exceptions, all of the laboratories met the key
quality performance parameters for conducting the H295R
assay protocol (Table 2; Fig. 1). However, at Laboratory 2,
there was a greater increase (forskolin) and a lesser decrease
(prochloraz) in T concentrations when compared to the other
laboratories. Furthermore, at one laboratory, there were
instances when decreases in E2 or T production could not be
measured due to low basal hormone production (Table 3). In
addition, in rare occasions, there was an increase in variation
among replicate wells such that the data could not be used.
However, this only occurred at one laboratory during a
single experiment [Lab 4; chemicals: letrozole, paraben,
molinate, Ethylene dimethanesulfonate (EDS); Experiment
1], where the average coefficient of variation (CV) of the
SCs was 48%, which is almost 20% greater than the QC
criterion of 30% for this parameter. None of the results
obtained during these experiments was used for the data
evaluation. However, it should be emphasized that these
were rare events that did not impact the overall validity and
utility of data produced during these studies. Overall, only

Testosterone
Lab
Lab
Lab
Lab
Lab
Lab

3
2

1
2
3
4
6
7

1
0

Fold-Change

Lab
Lab
Lab
Lab
Lab
Lab

100
10

1
2
3
4
6
7

1

Fig. 1 Comparison of changes in the concentrations of testosterone
(T) and estradiol (E2) relative to the solvent controls (SC=1) in
the QC plates among laboratories (Lab). For1=1 μM Forskolin;
For10=10 μM Forskolin; Pro0.3=0.3 μM Prochloraz; Pro3=3 μM
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17beta-Estradiol

1000

4

Prochloraz. Error bars =1×standard deviation. Bars represent means
of four independent experiments. (Lab 5: only T data from two
experiments.)
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to >0.1-fold; ↓↓↓↓=≤0.1-fold; ↑=<2-fold; ↑↑=2-fold to<fold; ↑↑↑=4fold to <20-fold; ↑↑↑↑=≥20-fold) for testosterone (T) and estradiol
(E2) after exposure to the 12 core chemicals

Table 3 Lowest observed effect concentrations (LOECs; measured by
Dunnett’s or Mann–Whitney U testmu) and strength and direction of
change (↓ = >0.5-fold; ↓↓=0.5-fold to >0.25-fold; ↓↓↓=0.25-fold
Lab 1a

Lab 2

Lab 3

LOEC Max change LOEC Max change LOEC
[μg/ml]
[μg/ml]
[μg/ml]

Lab 4

Lab 6

Max change LOEC
[μg/ml]

Max change LOEC Max change
[μg/ml]

↓↓↓↓
↓↓↓
↓↓

0.01
100d
100d
10c,d
Nd
ndmu
nd
nd
nd
nd
1
1mu

↓↓↓↓
↓↓
↓↓
↓

↓↓↓
↓↓
↓↓

Fold change (testosterone)
Prochloraz
0.0001
Aminoglutethimide 100d
Letrozole
100d
Nonoxynol-9
10c,d
Molinate
nd
Benomyl
nd
EDS
Nd
HCG
Nd
Paraben
10
Atrazine
100d
Forskolin
10
Trilostane
0.1mu
Fold change (estradiol)
Letrozole
0.001
Prochloraz
0.1
Aminoglutethimide 100d
Benomyl
Nd
EDS
Nd
Nonoxynol-9
Nd
HCG
Paraben
Molinate
Atrazine
Forskolin
Trilostane

Nd
ndmu
100d
10
0.01mu
1mu

↓↓↓↓
↓↓↓
↓↓
↓

↑
↑
↑↑
↑↑↑
↓↓
↓↓
↓↓

↑↑↑
↑↑mu
↑↑↑
↑↑↑↑
↑↑↑↑

0.1
100d
100d
10c,d
nd
nd
nd
nd
nd
1
1
0.01mu

↓↓↓↓
↓↓
↓↓
↓

0.001
1
10mu
nd
nd
nd

↓↓
↓
↓↓

0.0001mu ↓↓↓
0.1
↓↓
10
↓↓
nda
Nd
Nd

0.01
1
100b,d
nda
nd
nd

nd
10
100d
1mu
0.1mu
100

↑
↑
↑
↑↑↑
↑↑↑↑
↑

nda
10mu
100d mu
1mu
0.1mu
0.1mu

nda
nd
100d mu
10mu
0.1mu
1mu

↑
↑↑
↑↑↑

0.0001
10
100a,d
nde
100
Nd
Nd
Nd
1
100d
1
1mu

↓

↑
↑
↑
↑↑↑↑

↑↑
↑↑
↑↑↑↑
↑↑↑↑
↑↑↑↑

↑↑
↑↑↑↑

↑↑
↑↑
↑↑↑
↑↑↑↑
↑↑↑↑

0.01
100d
100d
10c,d
nd
nd
nd
nd
nd
nd
1
0.01mu

↓↓↓
↓↓↓
↓↓
↓↓

0.01
0.1
100d
nd
nd
nd

↓↓
↓↓
↓↓

nd
nd
100d
0.1
0.01mu
1mu

↑
↑↑↑↑

↑↑
↑
↑↑
↑↑↑

Ranges refer to maximum values measured in repeated experiments
nd Not detectable, –- chemical not analyzed, Data in bold uncertainty due to interference of the antibody based hormone detection system with the
test chemical
a

Only one experiment was conducted or considered for data evaluation

b

Not statistically significant; p=0.051

c

Greatest concentration cytotoxic

d

Effects occurred at greatest non-cytotoxic concentration; no dose–response

e

Cytotoxicity observed at concentration at which effects occurred at other laboratories=10

2% or 7% of all experiments for T and E2, respectively, were
excluded due to exceedance of permitted variation.
Relative changes in the production of T and E2 after
exposure to forskolin and prochloraz in the QC plates were
comparable both within and among laboratories (Fig. 1),
indicating that the H295R steroidogenesis assay functioned
similarly at all laboratories. Coefficients of variation for
relative changes measured after exposure to forskolin and
prochloraz were between 12% and 13% and between 44%

and 77%, respectively, for T, and between 62% and 73%
and 31% and 55%, respectively, for E2. There were no
significant decreases in cell viability between any of the
different treatment groups (results not shown).
3.2 Core chemical exposure experiments
There were chemical-specific differences in the response of
T production after exposure of H295R cells to the 12 core
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chemicals (Table 3). With a few exceptions, the observed
chemical-specific responses of T production were comparable among laboratories and could be grouped into three
different types of effects: inducers, inhibitors, and negative
reference chemicals. Among the inducers, exposure to
trilostane resulted in the greatest fold changes (>10-fold
induction) in T concentration when compared to SCs. The
least fold changes were observed for the atrazine exposures
where induction of T production was less than 1.5-fold with
the exception of Lab 2, at which maximum induction was
2.4-fold. No effect on T production was observed after
exposure to atrazine at Lab 6. Exposure to prochloraz
resulted in a greater than 15-fold reduction of T production
at the greatest concentration tested (100 μM) at all
laboratories with the exception of Lab 4 where an up to
4.5-fold reduction was observed. The greater LOEC
reported for Lab 2 is likely a function of the relatively
great variation among replicate experiments at 0.01 M
(CV=35%). It is unclear why T production by cells was
more sensitive to the exposure with prochloraz at Labs 1
and 3. However, a concentration-dependent response was
observed starting at 0.01 M, which is similar to the
response patterns at the other labs. Therefore, it cannot be
excluded that the significant reduction at 0.0001 and
0.001 M represents an artifact. Exposure to the other
inhibitors resulted in less than fourfold changes in T
production. When chemicals exhibited a less than 1.5-fold
change in T production, they were categorized as negatives.
This threshold was defined based on the average variation
observed across all laboratories among replicate experiments. Some of these negative chemicals could have been
categorized as inhibitors in individual cases (molinate:
Lab 4; benomyl: Lab 1). However, even in situations
where inhibition was observed at an individual laboratory,
changes were always less than twofold and typically were
not concentration-dependent. For instance, exposure to
nonoxynol-9 resulted in a decrease in T concentrations at
non-cytotoxic concentrations at two of five laboratories for
which data was available. Relative to the SCs, inhibition of
T production at Lab 1 was 29% (1 μM), while at Lab 2, it
was 47% (10 μM). However, it should be noted that, at Lab
2, exposure to 10 μM nonoxynol-9 resulted in an average
increase in cell viability (138% viable cells relative to the
SCs), and thus the observed reduction in T production may
be an artifact due to the correction for cell viability,
especially as no such increase was observed by any of the
other groups. The greatest letrozole concentration resulted
in a significant decrease in T at all laboratories.
Significant differences in E2 production were observed
for H295R cells exposed to the 12 core chemicals (Table 3).
The direction of the effect for each chemical was
comparable among laboratories (Table 3). Three chemicals
inhibited E2 concentrations (letrozole, prochloraz, and
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aminoglutethimide), while human chorionic gonadotrophin
(HCG), EDS, benomyl, and nonoxynol-9 did not elicit any
clear (>1.5-fold) effects at non-cytotoxic concentrations.
For inducers of E2 production, the magnitude of the
response ranged between 20-fold or greater (forskolin) to
<threefold (paraben) than SCs. The most potent inducer of
E2 production was forskolin. Exposure to forskolin resulted
in increases in E2 production at concentrations greater or
equal to 0.1 μM, while exposure to other inducers typically
did not reveal effects at concentrations less than 1 μM.
While responses for E2 after exposure to atrazine appeared
to be greater or equal to two orders of magnitude more
sensitive than at the majority of the other labs no
concentration-dependent response pattern occurred up to
1 μM. In fact, increases in E2 concentrations did not follow
a concentration response at lesser concentrations and were
very small (1.16-fold greater than SCs). The most potent
inhibitors were letrozole and prochloraz, exposure to which
resulted in marked reductions of E2 at concentrations
greater 0.001 and 0.1 μM, respectively. The exception to
this pattern was exposure to letrozole at Lab 6, for which
significant reductions occurred at concentrations greater
than 0.01 μM. Exposure to aminoglutethimide, in contrast,
only caused a clear reduction in E2 concentrations at the
greatest concentration tested. Variation between laboratories
did not exceed twofold for a given concentration with the
exception of trilostane.
3.3 Supplemental chemical exposure experiments
For the additional 16 chemicals, the H295R steroidogenesis
assay was able to categorize inducers and inhibitors of T
and E2 (Table 4). Five (31%) chemicals tested negative for
T production and included di-(2-ethylhexyl) phthalate
(DEHP), dimethoate, flutamide, glyphosate, and prometon.
Four (25%) chemicals tested negative for E2 and included
glyphosate, dinitrophenol, piperonyl butoxide, and spironolactone. One exception was dinitrophenol, which was
identified as a significant inhibitor of T at all concentrations
tested at the 1st lab. However, changes in T were not
concentration-dependent and the magnitude of the effect
was weak (inhibition did not exceed 0.67-fold relative to
the SC at any given exposure concentration). Therefore, it
is possible that this response represents an artifact. Some of
the chemicals identified as inhibitors of T showed a
biphasic response where slight increases in hormone
production were observed at concentrations of up to
1 μM. However, with the exception of genistein, none of
these changes exceeded 1.5-fold. Compared to the 12 core
chemicals, there was greater variation among the responses
observed at different laboratories for the 16 supplemental
chemicals. Approximately 19% and 31% of the chemicals
showed a significant response for T and E2, respectively, at
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Table 4 Lowest observed effect concentrations (LOECs; measured by
Dunnett’s test) and strength and direction of change (↓=>0.5-fold;
↓↓=0.5-fold to >0.25-fold; ↓↓↓=0.25-fold to >0.1-fold; ↓↓↓↓=≤0.1fold; ↑ = <2-fold; ↑↑ = 2-fold to < fold; ↑↑↑ = 4-fold to <20-fold;
↑↑↑↑=≥20-fold) observed for the 16 test chemicals
LOEC [μg/ml]

Max change

1st Laba

2nd Labd

1st Lab

2nd Lab

Ketoconazole

1

1

↓↓↓

↓↓↓

Genistein

10

10

↓↓

↓↓↓

Finasteride

10

100c

↓↓

↓↓

Bisphenol A

10

10

↓↓

↓

Dinitrophenol

0.0001

100c

↓

↓↓

Piperonyl butoxide

10

10

↓

↓

Spironolactone

1

1

↓↓↓

↓↓

Testosterone

Fenarimol

nd

10

Nd

↓↓

Danazol

nd

nd

Nd

nd

DEHP

nd

nd

Nd

nd

Dimethoate

nd

nd

Nd

nd

nd

nd

Nd

nd

Glyphosate

nd

nd

Nd

nd

Prometon

nd

nd

Nd

nd

Tricrecyl phosphate

10

nd

↑

nd

Mifepristone

0.1

nd

↑

nd

Danazol

1

10

↓↓↓

↓↓

Ketoconazole

10

10

↓↓

↓↓

Fenarimol

nd

1

nd

↓↓

Finasteride

nd

100c

nd

↓

Glyphosate

nd

nd

nd

nd

Flutamide

Estradiol

Dinitrophenol

nd

nd

nd

nd

Spironolactone

nd

nd

nd

nd

Piperonyl butoxide

nd

nd

nd

nd

Dimethoate

10

nd

↑↑

nd

Flutamide

10

nd

↑↑

nd

Tricrecyl phosphate

10

nd

↑↑↑

nd

Bisphenol A

10

1

↑↑

↑↑

DEHP

1b

1

↑↑

↑↑

Mifepristone

0.1

1

↑↑

↑↑

Prometon

100c

100c

↑↑↑↑

↑↑

Genistein

10

10

↑↑↑↑

↑↑↑↑

Chemicals tested at the second laboratories (2nd Lab) were as follows:
Lab 2: Piperonyl butoxide, ketoconazole, prometon, DEHP, flutamide,
and danazol; Lab 3: Bisphenol A, fenarimol, genistein, finasteride, and
dinitrophenol; and Lab 4: Spironolactone, mifepristone, tricrecyl
phosphate, dimethoate, and glyphosate
nd Not detectable
a

Lead laboratory (Lab 1)

b

Considered because there was a clear concentration–response at all but
the greatest concentration

c

Effects occurred at greatest non-cytotoxic concentration; no dose–response

d

Participating laboratory (Labs 2, 3, and 4)

only one of the two laboratories where they were tested
(Table 4). These were fenarimol, finasteride, dimethoate,
flutamide, and tricrescyl phosphate for E2, and fenarimol,
mifepristone, and tricrescyl phosphate for T. It is unclear
what the bases for these differences are, but it should be
noted that in four out of the eight cases where such
incongruencies were observed (E2: dimethoate, tricrescyl
phosphate; T: mifepristone, tricrescyl phosphate), they were
associated with one group (Lab 4). In all four cases, these
chemicals were identified as inducers by Lab 1, while no
statistically significant effects were reported by the other
testing group. Also, at the same laboratory, some of the cell
viability data revealed no effects where significant
decreases were observed at Lab 1 (tricrescyl phosphate
and spironolactone). This result indicates that there may
have been some issues related to dosing. Finally, basal E2
production measured by Lab 4 was approximately three-tofour times greater than that measured by Lab 1 (~200 vs.
~50 pg/ml), indicating that cells were at a suboptimal (late)
passage when used for the experiment. This further
supports the need for stringent conditions regarding the
age of the cells, which should not be used beyond passage
10. When excluding this group, the data obtained at
different laboratories for T and E2 did not match for one
and three chemicals, respectively.
3.4 Confounding factors—interference with hormone
detection assays
The analysis of cross-reactivity of each chemical with the
antibodies of the immunoassays used at most of the
laboratories revealed interaction with a few chemicals at
the greatest concentrations tested. A large interaction of the
E2 immunoassay with trilostane (up to 100% of the overall
response measured at the greatest test concentration) was
observed at all laboratories with the exception of Lab 2.
Similarly, a less pronounced cross-reactivity of trilostane
was also reported for the T antibodies (up to 60% of overall
response at the greatest concentration tested). However,
since at most of the laboratories only the greatest chemical
concentration was evaluated, an adjustment of the concentration–response curves could not be performed. However,
an attempt to correct for the interaction with the antibodies
at this greatest concentration (greatest three concentrations
for Lab 1) indicated that while the induction of E2 after
exposure to trilostane is likely to be solely due to this crossreactivity, the induction of T could not be explained alone
by this factor (Fig. 2). Similar interactions of trilostane with
hormone detection systems have been also observed by
other authors (Shapiro and Page 1976; Puddefoot et al.
2002; Villeneuve, personal communication). In addition,
nonoxynol-9, paraben, and prochloraz also interacted with
the E2 immunoassays. However, since the cross-reactivity
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Estradiol

Testosterone
100

20
15
10

Lab1 (uncorrected)
Lab1 (corrected)
Lab2 (uncorrected)
Lab2 (corrected)
Lab3 (uncorrected)
Lab3 (corrected)

fold-change [SC=1]

fold-change [SC=1]

25

5
0

10
1
0.1
0.01

0

1
10
Trilostane [ M]

100

0

1
10
Trilostane [ M]

100

Fig. 2 Changes in the concentrations of testosterone (T) and estradiol
(E2) relative to the solvent controls (SC=1) after exposure to
trilostane with (corrected) and without (uncorrected) adjustment of

final hormone concentration for interference with the antibody-based
hormone detection system. Bars represent average responses of one
(Lab 1), two (Lab 3), and three (Lab 2) independent experiments

of prochloraz, paraben, and nonoxynol-9 at the greatest
concentrations tested were either low or these concentrations were excluded due to marked cytotoxicity, this factor
had no effect on the interpretation of the results. Significant
interactions of the chemicals with the hormone detection
assays that occurred at non-cytotoxic concentrations were
only observed for T after exposure to spironolactone,
finasteride, and danazol at Lab 1 and for E2 after exposure
to genistein at Labs 1 and 3. When uncorrected data for
spironolactone, finasteride, and danazol were compared to
the data corrected for this interference, significant impacts
on the overall trend/response were not observed (data not
shown). Similarly, while genistein interference with the E2
ELISA antibodies reduced the magnitude of the response
by approximately 30%, it did not change the overall trend
of the response. However, further analyses are required to
address possible uncertainties resulting from the interference of a test chemical with the hormone detection system
utilized.

A comparison of the effects of E2 inducers observed in
the H295R validation studies and the findings of in vivo
studies showed that the results were comparable for six out
of ten chemicals tested: atrazine (Wetzel et al. 1994; Spano
et al. 2004), mifepristone (Fassett et al. 2008; Wang et al.
1994), danazol (Peters et al. 1980), tricresyl phosphate
(Latendresse et al. 1995), flutamide (Andrews et al. 2000),
and genistein (Harrison et al. 1999; Table 5). The results
obtained with H295R cells for inhibitors of E2 production
corresponded to the findings of in vivo studies for five out
of six chemicals studied: letrozole (Kumru et al. 2007),
aminoglutethimide (Berman and Laskey 1993; Monteiro
et al. 2000), prochloraz (Vinggaard et al. 2005; BrandeLavridsen et al. 2008), ketoconazole (Monteiro et al. 2000),
and fenarimol (Ankley et al. 2005; Table 5). In only three
cases were there opposite trends among results for E2
production obtained with the H295R steroidogenesis assay
and in vivo tests. Exposure to DEHP, prometon, and
bisphenol A in vivo resulted in an inhibition (Davis et al.
1994) and no effect (Villeneuve et al. 2006; Yamasaki et al.
2002) on E2 concentrations, respectively, while all three
chemicals caused a significant increase in E2 in vitro in the
present study. However, the increase of E2 concentrations
observed with the H295R cells for prometon may have
been an indicator for the decrease in the expression
of secondary sex characteristics observed in male fish
(Villeneuve et al. 2007). In the case of bisphenol A, the lack
of response in the in vivo studies is likely due to the
administration route of BPA, which was via gavage.
Previous studies have reported that orally administered
bisphenol A has very low bioavailability and is rapidly
excreted (Pottenger et al. 2000). Three chemicals that tested
negative for E2 effects in vitro (H295R), namely, benomyl,
dimethoate, and glyphosate, also did not cause any changes
in serum E2 concentrations in vivo (Spencer et al. 1996;
Rawlings et al. 1998; Soso et al. 2007). No studies
describing in vivo effects on the production of E2 were

3.5 Predictive power and accuracy of H295R
steroidogenesis assay
In addition to the ability of an assay to produce reliable and
transferable results as assessed in this validation effort, the
potential of data obtained with an in vitro test, such as the
H295R steroidogenesis assay, to be predictive of effects at
higher organizational levels, such as organisms, is one of
the key parameters relevant to its use as a screening tool.
Comparisons of the in vivo and in vitro effects of prochloraz,
ketoconazole, fenarimol, prometon, and aminoglutethimide
have been made previously (Hecker et al. 2006; Villeneuve
et al. 2007), and the findings reported in this study were
similar to those reported by these authors. In brief, while not
necessarily directly predictive of the direction of the
responses in vivo, the H295R always captured an effect if
there was an alteration in hormone profiles in vivo.
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Table 5 Comparison of data obtained with the H295R steroidogenesis assay (this study) with in vivo data
Chemical

Testosterone

Estradiol

Species

References

H295R

In vivo

H295R

In vivo

Aminoglutethimide
Atrazine
Benomyl
Bisphenol A
Butyl paraben

↓
↑/–
–
↑
–

↑
–
–
–
–

↓
↑
–
↓
↑

↓
↑
–
–
n.d.

Fish; rat
Fish; rat
Rat
Rat
Rat

Berman and Laskey 1993; Monteiro et al. 2000
Spano et al. 2004; Wetzel et al. 1994
Carter and Laskey 1982; Spencer et al. 1996
Yamasaki et al. 2002
Taxvig et al. 2008

Danazol
DEHP
Dimethoate
Dinitrophenol
EDS
Fenarimol
Finasteride
Flutamide
Forskolin
Genistein
Glyophosate

–
–
–
–
–
↓
–
–
↑
↓
–

n.d.
–
n.d.
n.d.
n.d.
↑
n.d.
↑
n.d.
↓
–

↑
↑
–
–
–
↓
–
↑
↑
↑
–

↑
↓
–
n.d.
n.d.
↓
n.d.
↑
n.d.
↑
–

Human
Rat
Sheep
–
–
Fish
Amphibian
Rat
–
Monkey; rat

Murakami et al. 1993; Peters et al. 1980
Davis et al. 1994; Noriega et al. 2009
Rawlings et al. 1998
–
–
Ankley et al. 2005
–
Mikkilä et al. 2006; Andrews et al. 2000
–
Harrison et al. 1999; Ohno et al. 2003

HCG
Ketoconazole
Letrozole
Mifepristone
Molinate
Nonoxynol-9
Piperonyl butoxide

–
↓
↓
↑
↑
–
↓

–b
↓
↑
↑
n.d.c
n.d.
n.d.

–
↓
↓
↑
–
–
–

–b
↓
↓
↑
–
n.d.
n.d.

Fish
–b
Fish; rat
Rat
Human
Rat
–
–

Soso et al. 2007
–b
Monteiro et al. 2000; O’Connor et al. 2002
Kumru et al. 2007
Fassett et al. 2008; Wang et al. 1994
Ellis et al. 1998
–
–

Prochloraz
Prometon
Spironolactone
Tricrescyl phosphate
Trilostane

↓
–
↓
↑/–
↑a

↓
–
↓
n.d.
↓/–

↓
↑
–
↑
–a

↓
–d
n.d.d
↑
–

Amphibian; rat
Fish
Amphibian; rat
Rat
Fish; human; rat

Vinggaard et al. 2005; Brande-Lavridsen et al. 2008
Villeneuve et al. 2006
Canosa and Ceballos 2001; Yamasaki et al. 2004
Latendresse et al. 1995
Jungmann et al. 1983; Villeneuve et al. 2006

↑ Increase, ↓ Decrease, – No effect, n.d. no data/study available
a

Corrected for cross-reactivity

b

H295R assay only capture effects downstream of LH/FSH

c

Data not considered because of inconclusive results

d

Identified as a reproductive toxicant in vivo

found for the other chemicals tested. However, given the
general toxic properties of chemicals, such as nonoxynol-9
(spermaticide), EDS (cytotoxicant to Leydig cells; Cooper
and Jackson 1970; Kerr et al. 1985), and dinitrophenol
(metabolic poison uncoupling oxidative phosphorylation),
no specific interactions with the steroidogenic pathway at
non-cytotoxic concentrations would be expected.
In general, effects on T production were less consistent
when the results obtained with H295R cells were compared
to those of in vivo studies (Table 5). Only one chemical of
the five found to be inducers of T production in the cells,
mifepristone, showed a similar trend in vivo (Wang et al.

1994), while three of the seven inhibitors (prochloraz:
Vinggaard et al. 2005; Brande-Lavridsen et al. 2008,
ketoconazole: O’Connor et al. 2002; Monteiro et al. 2000,
genistein: Ohno et al. 2003) revealed comparable trends
between the results of the validation studies and previously
reported in vivo data. However, five of the test chemicals
demonstrated conflicting trends between the results
obtained with the H295R cells and those from in vivo
studies: the inducers atrazine (Wetzel et al. 1994; Spano
et al. 2004) and trilostane (Jungmann et al. 1983), the
inhibitors letrozole (Kumru et al. 2007) and aminoglutethimide (Berman and Laskey 1993; Monteiro et al. 2000), and
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the negative chemical bisphenol A (Yamasaki et al. 2002).
As previously discussed for E2, the lack of response
reported for bisphenol A in vivo was likely a function of
low bioavailability and rapid excretion due to the form of
administration (oral; Pottenger et al. 2000). With the
exception of flutamide, 5 of the 11 chemicals that tested
negative for changes in T production in the H295R
steroidogenesis assay were also reported as causing no
significant alterations in T concentrations in vivo: flutamide
(Mikkilä et al. 2006), glyphosate (Soso et al. 2007), DEHP
(Noriega et al. 2009), benomyl (Carter and Laskey 1982),
and molinate (Ellis et al. 1998). For flutamide, a significant
induction in T production was reported in rats in vivo
(Andrews et al. 2000). Information on the effects of the
other chemicals on production of T in vivo could not be
found. The reason for the increased number of chemicals
showing discrepancies between in vivo studies and the
current work in the production of T as opposed to that of
E2 is likely due to the intermediate role of T in the
steroidogenesis pathway, which makes it possible that
changes in T can be better compensated by the cells than
those in E2.
Overall, no chemical was falsely characterized as having
no effect by the H295R steroidogenesis assay based on its
known mechanism of action with the exception of T
production after exposure to flutamide. However, this
chemical would have been flagged due to a comparable in
vivo/in vitro effect on E2. There were no studies describing
the effects of the model inducer forskolin on hormone
homeostasis in vivo. However, considering the rapid
metabolism of forskolin by an organism no marked effects
would be expected. Overall, these results indicate that,
while not necessarily always directly predictive of a
specific type of response in an organism, the H295R assay
system always flagged a chemical as a potential disruptor of
steroidogenic processes. Furthermore, there were only two
chemicals for which both in vivo and in vitro data were
available that would have been wrongly characterized as
either inducers or inhibitors of each hormone tested by the
H295R steroidogenesis assay [atrazine (Wetzel et al. 1994)
and bisphenol A (Yamasaki et al. 2002)] for T induction
and prometon (Villeneuve et al. 2006) and bisphenol A
(Yamasaki et al. 2002) for E2 inhibition].

4 Conclusions
It was demonstrated that, with one exception, the H295R
steroidogenesis assay protocol successfully identified the
majority of chemicals with known and unknown modes of
interaction with the production of T and E2. The results
obtained in the current study confirm the findings reported
for H295R cells by Hecker et al. (2006) as well as effects
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described in other in vitro and in vivo studies (discussed in
Hecker et al. 2006 and this manuscript) for a broad range of
chemicals. One of the remaining limitations associated with
the H295R steroidogenesis assay protocol is the relatively
low basal production of E2 and its effect on quantifying the
decreased production of this hormone with regard to the
identification of weak inhibitors. To address this uncertainty,
there should be further efforts aimed at increasing basal
hormone production, e.g., by altering the cells or test
protocols without affecting the potential of the cells to detect
inducers of E2 production. Furthermore, most of the
variation observed among laboratories in this study was
likely due to changes in test practices and personnel during
the course of this validation study. To address similar issues
in the future, a number of additional performance criteria
were included into the test protocols. These include the
addition of a proficiency test that is required of each
laboratory that plans to start using the assay or that has
undergone changes in personnel, and the flexible protocols
for refinement of the spacing of test chemical concentrations
to enable the description of more precise concentration–
response relationships. An initial comparison of H295R
data from this study to in vivo studies from the literature
demonstrated the potential of the H295R steroidogenesis
assay to identify chemicals affecting hormone homeostasis
in whole organisms. Particularly promising was the lack of
any false negatives during the validation. Furthermore, the
very low number of chemicals giving false positives
represents an important aspect of this bioassay since it
confirms the specificity of the test and will help avoid
unnecessary additional testing. Future studies, including a
larger number of chemicals with different structures and
properties as well as comparison to parallel studies with
whole organisms, should be conducted to confirm the
predictive power of the H295R steroidogenesis assay for in
vivo scenarios.

5 Future perspectives
Based on the results obtained during this validation study
and the accordingly revised test protocols, an OECD draft
test guideline has been developed and submitted to the
OECD working group of the national coordinators of the
test guidelines program (WNT) for comments in December
2009 (http://www.oecd.org/dataoecd/56/11/44285292.pdf).
Once accepted, this test guideline will replace the current
H295R steroidogenesis assay protocol of US EPA’s EDSP.
Implementation of similar testing strategies for endocrine
disruptors is currently discussed in the context of other
chemical screening programs, such as REACH, but no
definite decisions have been made as regards these to date.
Furthermore, the H295R steroidogenesis assay has been
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shown to be a valuable tool for the characterization of the
endocrine potential of effluents and environmental samples
(Kase et al. 2009).
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