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Abstract
The development of in vitro testing strategies may achieve a cost-effective generation of 
comprehensive datasets on a large number of chemicals, according to the requirements 
of the European Regulation REACH. Much emphasis is placed on in vitro methods 
based on subcellular mechanisms (e.g., nuclear receptor interaction), but it is necessary 
to define the predictive value of molecular or biochemical changes within an adverse 
outcome pathway (AOP). AOP pivots on the description of the flow from a molecular 
initiating event through a cascade of intermediate events needed to produce a specific 
adverse effect at organism level: downstream responses at cell level are, therefore, essen-
tial to define an AOP. Several in vitro assays are based on human cell lines representative 
of endocrine-targeted tissues (e.g., prostate) and on functional biomarkers of clinical 
relevance (e.g., PSA secretion in human prostate epithelial cells). We discuss the imple-
mentation of such functional biomarkers in the AOP context. 

Chemical risk assessment addresses the probability 
that a certain exposure level to a chemical can cause 
an adverse effect, whose nature and degree of sever-
ity, including possible reversibility, should be evaluat-
ed. The general, internationally accepted WHO/IPCS 
(World Health Organization/International Programme 
on Chemical Safety) definition of adverse effect is “a 
change in the morphology, physiology, growth, development, 
reproduction, or life span of an organism, system, or (sub)
population that results in an impairment of functional ca-
pacity or of the capacity to compensate for additional stress, 
or an increase in susceptibility to other influences” [1 and 
refs therein]. This definition appears straightforward; 
indeed, it can still hold true in the changing framework 
of toxicology (Figure 1A), where increasing attention 
is paid to the effects of molecular/biochemical mecha-
nisms impinging on adverse outcome pathways (AOPs) 
[2, 3]. Many substances do have mechanisms that are 
readily connected with adverse effects in tissues and or-
ganisms, such as the formation of covalent adducts with 
DNA (e.g., acrylamide) or the inhibition of key enzymes 
of the nervous system (e.g., cholinesterase-inhibiting 
pesticides). The nature and dose-response of effects re-
lated to such mechanisms can be identified by the reg-
ulatory toxicity studies used to derive the values (e.g., 
NOAEL, Benchmark Dose) which form the current ba-
sis of risk assessment. With the exception of genotoxic-
ity, the current toxicological risk assessment is concep-

tually based on the existence of a threshold level for a 
given toxicological effect: an appreciable adverse effect 
will not occur below such threshold, even in the most 
susceptible population groups. To date the definition 
of a threshold mainly relies on in vivo tests performed 
according to international standardized test guidelines 
(TG), whose outcomes are based on changes of apical 
endpoints (i.e., weight gain, reproductive performance, 
organ pathology, etc.). In most cases, testing and evalu-
ation of a chemical are performed independently of any 
knowledge on its mechanism or mode of action (MoA) 
(Figure 1A) [5]. Within such scheme, mechanistic data 
may fulfill important specific purposes, from screening 
among chemical analogues through to biomarker iden-
tification assessing the human relevance of observed ef-
fects; however, knowledge of mechanism still is more 
often a supportive, rather than a fundamental, compo-
nent of the toxicological assessment scheme. 
In other instances, the matter may be more tricky, like 

in the intensively debated issue of endocrine disruptors 
(EDs) [4-6]. Let’s consider tests that detect an “estro-
genic/antiestrogenic” action, like the in vitro estrogen 
receptor (ER) transactivation assays (OECD TG-455 
and -457) (OECD: Organization for Economic Coop-
eration and Development) or the in vivo uterotrophic as-
say (OECD TG-440). A viewpoint hold that a positive 
response to these tests merely poins out an endocrine-
like MoA, whereas the adversity needs to be addressed 
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only by assessing apical effects. Some authors insist that 
“endocrine disruption is just a mode-of-action that may or 
may not result in adverse effects” and that it has to be dealt 
with like other non-genotoxic agents [4]. According to 
this viewpoint, endocrine disruption is somewhat like 
“much ado for nothing” because of endocrine activities 
falling mainly within the maintainance of the physiolog-
ical homeostasis; in most cases, effects that matter are 
those identified by the conventional apical endpoints of 
in vivo assays. The straight application of this viewpoint 
might be pushed quite far away: a reduction of sper-
matogenesis without a demonstrated reduced fertility 
in laboratory animals or an altered brain biochemistry 
without proven neurobehavioural disturbances could be 
questioned with regards of their actual adversity.
An opposite position retains that pointing out an 

endocrine-like MoA indicates per se a potential hazard 
because of the critical importance of altered endocrine 
homeostasis during vulnerable life stages (i.e., pregnan-
cy, foetal development, puberty). Hence, small changes 
in hormone signalling can be compensated in the adult 

organism; changes of the same magnitude may how-
ever lead to adverse consequences when they occur in 
susceptible developmental windows [6, 7]. This second 
viewpoint questions the practical definition of a thresh-
old, especially for chemicals interacting with nuclear 
receptors (NRs), thus acting through hormone mimicry 
or antagonism. It assumes that the NR interaction is 
maybe a toxicologically relevant initiating event; in such 
a case, a threshold likely exists but it is very low and 
difficult to determine. In addition, the threshold can be 
greatly different according to the diverse susceptibility 
of the organism life stages. Moreover, different exposure 
levels may have qualitatively different MoA and effects: 
for instance, low exposures might elicit endocrine (hor-
mone-like or hormone-antagonist) effects, while more 
conventional toxic effects (e.g., enzyme inhibition) may 
appear at higher dose levels. The dose-response curves 
for qualitatively different effects may overlap along the 
range of different exposure levels; this may explain the 
non-monotonic dose-response (NMDR) relationships 
that have been consistently reported in several in vitro 

Exposure

(A)

Test
Chemical

for ED
Activity

TIER 5
Mammalian

Whole Animal
Assessment

TIER 4
Fish and Amphibian

Whole Animal
Assessment

TIER 3
In vitro

Whole Cell Activity
Assessment

TIER 2
High Throughput
In vitro and in vivo

Screens (HTS)

(B)

Molecular
Initiating

Event
(MIE)

Organelle
effects

Pathway of Toxicity (PoT)

Cellular
effects

Tissue
effects

Organ
response

Individual
response

Population
response

Mode of Action (MoA)

Adverse Outcome Pathway (AOP)

TIER 1
Computation

Based
Assessment

STEP 1
Computation Based Assessment:

Virtual Screening by
Molecular Docking on NRs and QSAR

STEP 2
In vitro Whole Cell Activity Assessment:

Endocrine based Screening by measurement of
Cell-specific, ED-targeted Functional Assays/Biomarkers

Test
Chemical

for ED
Activity

(C)

FUNCTIONAL ASSAYS
using BIOMARKERS (based on clinical biomarkers)
for Human Cell Lines representing ED target tissues

• LNCaP (prostate epithelium) → PSA secretion (free e total)
• BeWo (1st trimester trophoblast) → β–hCG secretion
• HuH6 (fetal hepatocytes) → AFP secretion; steatosis

GENE REPORTER ASSAYS
based on main targeted NRs

for LIFE-EDESIA chemicals of interest

• AR-based  EURL-ECVAM TM 2010-07 or commercially available
• ER-based  OECD TG-455 or ECVAM TM2009-02/MELN 
 or commercially available
• PPAR-based Commercially available

(D)

AR: androgen receptor; ECVAM: European Centre for the Validation of Alternative Methods; ER: estrogen receptor; OECD: Organization for Economic Co-
operation and Development, PPAR: peroxisome proliferator-activated receptor; TM = test method. (A) Adapted from [13], (B) adapted from [18], (C, D) developed 
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Figure 1
A comparison among the current views of the adverse outcome pathway (AOP), including mode of action and pathway of toxicity 
(A), the TiPED Tiered Protocol for Endocrine Disruption (B), and the LIFE-EDESIA animal-free Endocrine Disruptor (ED) screening 
strategy (C, D). LIFE-EDESIA in silico-in vitro ED screening strategy starts from a virtual screening (C) to proceed through the use 
of multiple cell-specific, ED-targeted, functional assays making use of biomarkers of effect derived from clinical biomarkers (D).
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and in vivo studies on EDs [7]. The position empha-
sizing the toxicological novelty and significance of en-
docrine-like mechanisms appears more consistent with 
the advance in knowledge of molecular and cellular en-
docrinologyas well as with the majority of findings in 
toxicology. However, an exclusive focus on molecular 
mechanisms of ED may bring the risk of “drowning into 
complexity”, as it points out a relevant issue without a 
prior identification of the proper tools to cope with it in 
risk assessment.
The development and application of hazard identifica-

tion strategies exploiting new in vitro assays may achieve 
a cost-effective generation of comprehensive hazard 
data sets on a large number of chemicals: this will meet 
the general aim of the European Regulation REACH 
(2006/1907/EC) as well as major issues in the field of 
food safety (emerging contaminants, residues and en-
vironmental by-products of pesticides, etc.). However, 
such development has to face the critical challenge 
posed by the current in vivo testing framework based on 
toxic (biochemical/functional/morphological) effects in 
whole organisms. The challenge requires to build inte-
grated testing strategies (ITSs) able to establish a robust 
link between a molecular or biochemical change and an 
adverse effect as defined according to [1]. In more de-
tail, such link needs being based on the assessment of 
the predictive potential and the application domain of 
early changes at subcellular level, observed in vitro, to-
ward an health-relevant outcome in the whole organism. 
Indeed, the same problem has been faced since decades 
by human medicine, where gene/protein expression or 
enzyme activities have been investigated as early diag-
nostic/prognostic predictors of chronic diseases, such as 
cancers; coping with this issues has delivered a number 
of biomarkers used in clinical practice.
The earlier proposal of a MoA framework (Figure 1A) 

started from the statement that “an adverse ...effect can be 
described by a series of causally linked biochemical or bio-
logical key events that result in a pathological endpoint or 
disease outcome” [8]. Hence, the AOP framework (Figure 
1A), initially proposed by the computational toxicology 
community, took place [2, 3]. The AOP concept pivots 
on the link of a chemical with a described pathway that 
leads to an adverse human health or ecological outcome, 
which is determined by the chemical’s ability to trigger a 
molecular initiating event (MIE) (Figure 1A). The MIE 
is just one, albeit necessary, component of the AOP, 
which builds up through a cascade of intermediate or 
key events at the subcellular, cellular, tissue and/or or-
gan level leading to a specific adverse outcome (AO) at 
the individual or population level [3]. Another related 
framework is that of pathways of toxicity (PoT) (Figure 
1A), where the description of toxicological processes 
tends to focus on early events at the molecular and cel-
lular level [9]. Overall, the AOP framework seems the 
most comprehensive, making up a flow of information 
from molecular through to in vivo and human data [10 
and its Figure 3]. Indeed, AOP can be approached bot-
tom-up – from the MIE to an AO – or top-down – from 
the pathogenesis of a human disease as an AO to the 
search for chemicals eliciting the relevant MIE.
So far, OECD TGs to screen ED-like activities are 

concentrated on MIEs overlooking the bottom-up re-
sponses (organelle and/or cellular ones) that represent 
the initial steps of both a MoA and AOP (Figure 1A). To 
fill this gap, functional assays such as those developed 
and/or under development within different EU-granted 
projects (e.g., ReProTect, SEURAT-1, LIFE-EDESIA) 
[11-13 and refs therein] might be the missing link to 
connect mechanistic endpoints to well-defined and 
measurable in vitro endpoints that are directly relevant 
to in vivo adverse effects. In addition, functional as-
says exploiting clinically-relevant biomarkers of effect, 
would greatly help the (practically difficult, albeit much 
voiced) design of animal-free ITSs to screen and char-
acterize ED effects (Figures 1C-D and 2A). An example 
of the potential contribution of cell-based functional as-
says measuring clinically-relavant biomarkers in human 
in vitro cell lines is here summarized and compared to 
an androgen-related AOP, namely the Testicular Dys-
genesis Syndrome (TDS) [14]. As shown in Figure 2, 
since PSA secretion is androgen (DHT)-regulated, an 
androgen-like chemical affecting the secretion of PSA 
(or other androgen-regulated kallikreins/KLKs in pros-
tatic fluid) have to trigger a MIE interacting with the 
AR-mediated signalling pathway either directly by AR 
binding or indirectly. An indirect MIE may occur via 
interactions with other NRs cross-talking with AR (e.g., 
ERs, the aryl hydrocarbon receptor AhR) or with AR-
cofactors [11 and refs therein]. With both a direct or an 
indirect MIE, the cellular effect (i.e. the change in PSA 
secretion) depends on the intermediate events occur-
ring at the organelle level: for instance, in LNCaP cell 
line the intracellular localization of the ED-activated 
AR is different when different anti-androgens are used. 
In comparison to DHT, indeed, man-made chemicals 
(e.g., pesticides) showed an increased AR nuclear lo-
calization whereas plant bioactives (e.g., flavonoids) an 
increased AR microsomal localization [15, 16]. Overall, 
the ED-activated AR leading to decreased PSA secre-
tion in LNCaP cells constitutes an alternative trigger 
of a MoA or AOP resulting, as tissue effect and organ 
response, in a reduced semen quality, that is one TDS 
component. The proposed functional assay brings in 
the contribution of accessory glands in the ED role on 
male infertility, thus integrating the TDS concept, that 
pivots on the effects on spermatogenesis [12].
LIFE-EDESIA (LIFE12 ENV/IT/000633; www.iss.

it/life), a project granted within the frame of the EU 
LIFE Environment program, aims to demonstrate the 
feasibility of a animal-free, in silico-in vitro testing ap-
proach (Figures 1C, 2A) to search for alternative com-
pounds to EDs classified (or suspected to be) as Sub-
stances of Very High Concern (SVHC; art. 57 of the 
REACH Regulation), but still widely used, the plas-
ticizers phthalates and bisphenols. In addition LIFE-
EDESIA considers also parabens, antimicrobial preser-
vatives widespread used in cosmetics, pharmaceuticals 
and food, and suspected to have an ER-modulating 
relevance [17].
The research strategy is based on a tiered approach:

i) screening a subset of already existing or de-novo de-
signed alternatives by different in silico methodologies 
(Figure 1C);
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ii) testing the in silico selected alternatives for their en-
docrine disrupting effects in three different human cell 
lines representative of endocrine-targeted tissues (Fig-
ure 1D);
iii) assessing the applicability of the in silico-in vitro se-
lected alternatives in prototypes of widely used consum-
ers’ products.
Namely, the potential alternative chemicals are first 

screened by a set of in silico methodologies, from chem-
ico-physical to NR binding properties, from molecular 
docking to quantitative-structure activity relationship 
(QSAR) (Figure 1C). In the ensuing step, chemicals 
passing the in silico screens are evaluated in vitro for 
their endocrine disrupting effects in three different hu-
man cell lines (trophoblast-like BeWo cells, fetal HuH6 
hepatocytes and LNCaP prostate epithelial cells) rep-
resentative of endocrine-targeted human tissues. ED-
relevant effects are assessed by measuring cell-specific, 
biomarkers of effect (Figures 1C-D) that show the cel-
lular response upon exposure to EDs in terms of cell 
function [11, 12 and refs therein].
The cell-specific, functional endpoints are toxicologi-

cally adapted clinical biomarkers, namely the secretion 

of proteins directly associated to the proper functioning 
of the secreting cells: in the case of trophoblasts, fetal 
hepatocytes and prostate epithelial cells, they are b-hCG 
(b subunit of the human chorionic gonadothropin), AFP 
(a-fetoprotein) and PSA (prostate-specific antigen), re-
spectively (www.iss.it/life) (Figure 1D). Noticeably, this 
experimental approach largely overlaps with a recently 
proposed Tiered Protocol for Endocrine Disruption 
(TiPED) (Figure 1B) [18] aimed to support green chem-
istry in the design of new and less hazardous chemicals.
The LIFE-EDESIA strategy ultimately implements 

an AOP-derived approach from in silico NR binding 
through to clinically relevant functional biomarkers of 
endocrine disruption.
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Figure 2
Integrating the LIFE-EDESIA endocrine-based screening (A) using cell-specific, ED-targeted functional assays and biomarkers with-
in the frame of the testicular dysgenesis syndrome (B) as an adverse outcome pathway (A). 

References

1.	 Dekant W, Colnot T. Endocrine effects of chemicals: as-
pects of hazard identification and human health risk as-
sessment. Toxicol Lett 2013;223(3):280-6.

2.	 Ankley GT, Bennett RS, Erickson RJ, Hoff DJ, Hornung 
MW, Johnson RD, Mount DR, Nichols JW, Russom CL, 
Schmieder PK, Serrrano JA, Tietge JE, Villeneuve DL. 
Adverse outcome pathways: a conceptual framework to 

support ecotoxicology research and risk assessment. En-
viron Toxicol Chem 2010;29(3):730-41.

3.	 Tollefsen KE, Scholz S, Cronin MT, Edwards SW, de 
Knecht J, Crofton K, Garcia-Reyero N, Hartung T, 
Worth A, Patlewicz G. Applying adverse outcome path-
ways (AOPs) to support integrated approaches to test-
ing and assessment (IATA). Regul Toxicol Pharmacol 



Functional in vitro assays for EDs

B
r

ie
f
 N

o
t

e
s

171

2014;70(3):629-40.
4.	 Dietrich DR, von Aulock S, Marquardt H, Blaauboer B, 

Dekant W, Kehrer J, Hengstler J, Collier A, Batta Gori 
G, Pelkonen O, Lang F, Nijkamp FP, Stemmer K, Li A, 
Savolainen K, Wallace Hayes A, Gooderham N, Harvey 
A. Scientifically unfounded precaution drives European 
Commission’s recommendations on EDC regulation, 
while defying common sense, well-established science 
and risk assessment principles. ALTEX 2013;30(3):381-
5.

5.	 Bergman Å, Andersson AM, Becher G, van den Berg M, 
Blumberg B, Bjerregaard P, Bornehag CG, Bornman R, 
Brandt I, Brian JV, Casey SC, Fowler PA, Frouin H, Giu-
dice LC, Iguchi T, Hass U, Jobling S, Juul A, Kidd K, 
Kortenkamp A, Lind M, Martin OV, Muir D, Ochieng 
R, Olea R, Norrgren L, Ropstad E, Ross PS, Rudén C, 
Scheringer M, Skakkebaek NE, Söder O, Sonnenschein 
C, Soto A, Swan S, Toppari J, Tyler CR, Vandenberg LN, 
Vinggaard AM, Wiberg K, Zoeller RT. Science and policy 
on endocrine disrupters must not be mixed: a reply to a 
“common sense” intervention by toxicology journal edi-
tors. Environ Health 2013;12:69.

6.	 Rovida C, De Angelis I, Lorenzetti S. Alternative in vi-
tro methods to characterize the role of Endocrine Active 
Substances (EASs) in hormone-targeted tissues. ALTEX 
2013;30(2):253-5.

7.	 Vandenberg LN, Colborn T, Hayes TB, Heindel JJ, Ja-
cobs DR Jr, Lee DH, Shioda T, Soto AM, vom Saal FS, 
Welshons WV, Zoeller RT, Myers JP. Hormones and en-
docrine-disrupting chemicals: low-dose effects and non-
monotonic dose responses. Endocr Rev 2012;33(3):378-
455.

8.	 Boobis AR, Doe JE, Heinrich-Hirsch B, Meek ME, 
Munn S, Ruchirawat M, Schlatter J, Seed J, Vickers 
C. IPCS framework for analyzing the relevance of a 
noncancer mode of action for humans. Crit Rev Toxicol 
2008;38(2):87-96.

9.	 Krewski D, Acosta D Jr, Andersen M, Anderson H, Bailar 
JC 3rd, Boekelheide K, Brent R, Charnley G, Cheung 
VG, Green S Jr, Kelsey KT, Kerkvliet NI, Li AA, McCray 
L, Meyer O, Patterson RD, Pennie W, Scala RA, Solo-
mon GM, Stephens M, Yager J, Zeise L. Toxicity testing 
in the 21st century: a vision and a strategy. J Toxicol Envi-
ron Health B Crit Rev 2010;13(2-4):51-138.

10.	 Kleensang A, Maertens A, Rosenberg M, Fitzpatrick S, 
Lamb J, Auerbach S, Brennan R, Crofton KM, Gordon 
B, Fornace AJ Jr, Gaido K, Gerhold D, Haw R, Hen-

ney A, Ma’ayan A, McBride M, Monti S, Ochs MF, Pan-
dey A, Sharan R, Stierum R, Tugendreich S, Willett C, 
Wittwehr C, Xia J, Patton GW, Arvidson K, Bouhifd M, 
Hogberg HT, Luechtefeld T, Smirnova L, Zhao L, Adel-
eye Y, Kanehisa M, Carmichael P, Andersen ME, Har-
tung T. t4 workshop report: Pathways of toxicity. ALTEX 
2014;31(1):53-61.

11.	 Lorenzetti S, Mantovani A. Reproductive and Develop-
mental Toxicity Testing: issues for 3Rs implementation. 
In: Allen DG and Waters MD (Eds). Reducing, refining, 
and replacing the use of animals in toxicity testing. Cam-
bridge (UK): RSC Publishing; 2013. p. 330-47.

12.	 Lorenzetti S, Altieri I, Arabi S, Balduzzi D, Bechi N, 
Cordelli E, Galli C, Ietta F, Modina SC, Narciso L, Pac-
chierotti F, Villani P, Galli A, Lazzari G, Luciano AM, 
Paulesu L, Spanò M, Mantovani A. Innovative non-an-
imal testing strategies for reproductive toxicology: the 
contribution of Italian partners within the EU project 
ReProTect. Ann Ist Super Sanità 2011;47(4):429-43.

13.	 Gocht T, Berggren E, Ahr HJ, Cotgreave I, Cronin MT, 
Daston G, Hardy B, Heinzle E, Hescheler J, Knight DJ, 
Mahony C, Peschanski M, Schwarz M, Thomas RS, Ver-
faillie C, White A, Whelan M. The SEURAT-1 approach 
towards animal free human safety assessment. ALTEX 
2015;32(1):9-24.

14.	 Skakkebaek NE, Rajpert-De Meyts E, Main KM. Tes-
ticular dysgenesis syndrome: an increasingly common de-
velopmental disorder with environmental aspects. Hum 
Reprod 2001;16(5):972-8.

15.	 Smeriglio A, Trombetta D, Marcoccia D, Narciso L, 
Mantovani A, Lorenzetti S. Intracellular distribution and 
biological effects of phytochemicals in a sex steroid-sensi-
tive model of human prostate adenocarcinoma. Antican-
cer Agents Med Chem 2014;14(10):1386-96.

16.	 Marcoccia D. Study of endocrine disrupting effects of anti-
androgens on human prostate epithelium. Ph.D. thesis, Uni-
versità Roma Tre; 2015.

17.	 Soni MG, Carabin IG, Burdock GA. Safety assessment 
of esters of p-hydroxybenzoic acid (parabens). Food 
Chem Toxicol 2005;43:985-1015.

18.	 Schug TT, Abagyan R, Blumberg B, Collins TJ, Crews D, 
DeFur PL, Dickerson SM, Edwards TM, Gore AC, Guil-
lette LJ, Hayes T, Heindel JJ, Moores A, Patisaul HB, 
Tal TL, Thayer KA, Vandenberg LN, Warner J, Watson 
CS, Saal FS, Zoeller RT, O’Brien KP, Myers JP. Design-
ing Endocrine Disruption Out of the Next Generation of 
Chemicals. Green Chem 2013;15(1):181-98.


