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Summary

D. J. MacLeod, R. M. Sharpe, M. Welsh, M. Fisken, H. M. Scott, G. R. Hutchison, A. J. Drake, S. Van Den Driesche

We have shown previously that de�cient androgen action within a masculinization
programming window (MPW; e15.5–e18.5 in rats) is important in the origin of male
reproductive disorders and in programming male reproductive organ size, but that
androgen action postnatally may be important to achieve this size. To further investigate
importance of the MPW, we used two rat models, in which foetal androgen production or
action was impaired during the MPW by exposing in utero to either di(n-butyl) phthalate
(DBP) or to �utamide. Reduced anogenital distance (AGD) was used as a monitor of
androgen production/action during the MPW. O�spring were evaluated in early puberty
(Pnd25) to establish if reproductive organ size was altered. The testes, penis, ventral
prostate (VP) and seminal vesicles (SV) were weighed and penis length measured. Both DBP
and �utamide exposure in the MPW signi�cantly reduced penis, VP and SV size along with
AGD at Pnd25; AGD and organ size were highly correlated. In DBP-, but not �utamide-,
exposed animals, testis weight was also reduced and correlated with AGD. Intratesticular
testosterone was also measured in control and DBP-exposed males during (e17.5) or after
(e21.5) the MPW and related to AGD at e21.5. To evaluate the importance of postnatal
androgen action in reproductive organ growth, the e�ect of combinations of prenatal and
postnatal maternal treatments on AGD and penis size at Pnd25 was evaluated. In prenatally
DBP-exposed animals, further postnatal exposure to either DBP or �utamide signi�cantly

https://onlinelibrary.wiley.com/journal/13652605
https://onlinelibrary.wiley.com/toc/13652605/2010/33/2
https://doi.org/10.1111/j.1365-2605.2009.01005.x
mailto:r.sharpe@hrsu.mrc.ac.uk
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=MacLeod%2C+D+J
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Sharpe%2C+R+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Welsh%2C+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Fisken%2C+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Scott%2C+H+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Hutchison%2C+G+R
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Drake%2C+A+J
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=van+den+Driesche%2C+S


1/30/23, 2:58 PM Androgen action in the masculinization programming window and development of male reproductive organs - MacLeod - 2010 - International J…

https://onlinelibrary.wiley.com/doi/10.1111/j.1365-2605.2009.01005.x 2/22

reduced AGD and penis size in comparison with prenatal DBP exposure alone. In
comparison, rats exposed postnatally to testosterone propionate after prenatal vehicle-
exposure showed considerable increase in these parameters vs. controls. In conclusion, we
show that the size of all male reproductive organs is programmed by androgen exposure in
the MPW, but that growth towards this size is dependent on androgen action postnatally.

Introduction
Male reproductive health disorders such as cryptorchidism, hypospadias, testicular germ cell
cancer or a low sperm count are believed to comprise a testicular dysgenesis syndrome (TDS;
Skakkebæk et al., 2001, 2007). It is hypothesized that abnormal testis development leads
secondarily to hormonal or other malfunctions of the Leydig and/or Sertoli cells during testis
development and masculinization, leading in turn to increased risk of the aforementioned
disorders (Skakkebæk et al., 2001, 2007). Human TDS disorders are common and may be
associated with a decline in male fertility (Frederiksen et al., 2007; Skakkebæk et al., 2001,
2007). The rapid and geographically restricted increase in prevalence of some TDS disorders
suggests that environmental and/or lifestyle factors e.g. exposure to environmental chemicals;
may play a key role in the pathogenesis of TDS disorders (Sharpe & Skakkebæk, 2008;
Skakkebæk et al., 2001).

Support for the TDS concept has mainly come from two sets of studies using animal models.
The �rst involves in utero exposure of rats to certain phthalate esters, such as di(n-butyl)
phthalate (DBP), which induces a TDS-like spectrum of disorders in the male o�spring (Fisher
et al., 2003; Foster, 2006; Mylchreest et al., 2000). However, whilst DBP treatment induces a
marked reduction in the production of the Leydig cell hormones testosterone and insulin-like
factor 3 by the foetal testis, this e�ect is not uniform throughout gestation (Schultz et al., 2001;
Scott et al., 2008) and is associated with only sporadic cases of hypospadias (Fisher et al., 2003;
Mahood et al., 2007). An explanation for this ‘discrepancy’ comes from the second line of
animal studies involving in utero exposure to the anti-androgen �utamide (Welsh et al., 2008).
This has shown the existence of a foetal ‘masculinization programming window’ (MPW; e15.5–
e18.5 in rats) within which androgens must act to ensure correct later development of the male
reproductive tract (Fig. 1; Welsh et al., 2008). A corresponding MPW is thought also to occur in
humans at ∼8–14 weeks’ gestation (Welsh et al., 2008) and in non-human primates (Herman
et al., 2000; Prahalada et al., 1997).
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Figure 1

Open in �gure viewer PowerPoint

Schematic diagram summarizing our current hypothesis regarding the time-dependent roles
that androgens play in determining formation, di�erentiation and growth of the component
parts of the male reproductive tract. The masculinization programming window (MPW) in
rats occurs between e15.5 and e18.5. Note that although androgen action in the MPW
speci�es the size to which the reproductive organs will grow, androgen action postnatally is
still required to achieve this growth, as indicated in the upper right of the diagram. The dark
triangle on the timing axis indicates Pnd25, when most of the sampling in the current studies
was undertaken. GT, genital tubercle; VP, ventral prostate; WD, Wol�an duct; AGD,
anogenital distance.
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Only de�cient androgen action within the MPW leads to cryptorchidism and hypospadias,
which are both TDS disorders (Clark et al., 1993; Spencer et al., 1991; Welsh et al., 2008).
Moreover, the study by Welsh et al. (2008) showed that in rats anogenital distance (AGD), which
is normally ∼1.7 times longer in adult males than in females, is also determined by androgen
action in the MPW and thus provides a lifelong ‘read-out’ of androgen action during the MPW.
We have also shown in rats that testis size in adulthood, which re�ects the capacity to produce
sperm, is positively correlated to AGD in rats, suggesting that androgen action within the MPW
may also be a determinant of sperm production/count in adulthood (Scott et al., 2008). In
humans, the penis undergoes androgen-dependent growth in late gestation, postnatally up to
4 years of age and at puberty (Boas et al., 2006; Camurdan et al., 2007; Husmann, 2002). In
the rat, penis formation and its capacity to grow is determined foetally by androgen action
during the MPW; based on studies using �utamide in rats, a similar scenario applies to the
ventral prostate (VP) and to Wol�an duct-derived tissues such as the seminal vesicles (SV;
Fig. 1; Welsh et al., 2008, 2009).

These new developments in understanding provide additional support for the TDS hypothesis.
However, the studies describing the inter-relationships between the MPW, AGD and
reproductive development are largely based on studies using �utamide, which disrupts
androgen action at the target organ rather than by causing testicular dysgenesis/malfunction,
as suggested in the TDS hypothesis. The present studies therefore aimed to provide a more
direct test of the TDS hypothesis by using DBP, which is known to disrupt foetal testis
development (Foster, 2006), and to compare the e�ects observed with �utamide-exposed
animals and to relate observed e�ects to the MPW as re�ected by AGD. Furthermore, the
e�ects of combined prenatal and postnatal treatments with DBP and/or �utamide on penis
length and AGD were investigated to establish if the postnatal growth of these structures could
be a�ected, as our current thinking predicted (Fig. 1). This study provides a detailed
comparison of the e�ects of foetal exposure to �utamide or DBP on AGD and on the testis,
penis, VP and SV.

Materials and methods
Animals and treatments
Wistar rats were maintained in our animal facility under standard conditions according to UK
Home O�ce guidelines. Animals had free access to water and a soy-free breeding diet (SDS;
Dundee, Scotland). Time-matings were established and presence of a vaginal plug was de�ned
as embryonic day 0.5 (e0.5); for the present studies at least 3 litters were used per treatment
group. All treatments are summarized in Table 1.
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Table 1. Summary of the animal treatment periods and the age of sampling for the current
studies

DBP, di(n-butyl) phthalate; TP, testosterone propionate; Flut, �utamide.

Prenatal �utamide exposure

Pregnant dams were dosed daily from e15.5 to e18.5 by oral gavage with either 0, 2, 5, 10 or
100 mg/kg �utamide (Sigma-Aldrich, Poole, UK) in 1 mL/kg corn oil/2.5% DMSO (Sigma-
Aldrich); this treatment time window encompasses the MPW (Welsh et al., 2008).

Prenatal DBP exposure

Flut (5 mg/kg) e15.5–

e18.5

– – Pnd25

Flut (2 mg/kg) e15.5–

e18.5

– – Pnd25

Prenatal DBP Corn oil e13.5–

e16.5

– – e17.5

DBP (500 

mg/kg)

e13.5–

e16.5

– – e17.5

Corn oil e13.5–

e20.5

– – e21.5

DBP (500 

mg/kg)

e13.5–

e20.5

– – e21.5

Corn oil e13.5–

e21.5

– – Pnd25

DBP (100 

mg/kg)

e13.5–

e21.5

– – Pnd25

DBP (500 

mg/kg)

e13.5–

e21.5

– – Pnd25

Combined prenatal and postnatal

treatments

Oil e13.5–

e21.5

Oil Pnd1–

15

Pnd25

Treatment period Prenatal window Postnatal window Termination
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Pregnant dams were dosed daily with either 100 mg/kg DBP or 500 mg/kg DBP (Sigma-
Aldrich) by oral gavage in 1 mL/kg corn oil. Depending on the age of termination, DBP was
administered from e13.5 to e16.5 (termination e17.5), e13.5–e20.5 (termination e21.5) or
e13.5–e21.5 (termination Pnd25).

Combined prenatal and postnatal treatments

To determine the e�ect of combined treatments, the following prenatal/postnatal treatment
combinations were administered: oil/oil; oil/DBP; oil/�utamide; oil/testosterone propionate (TP;
Sigma-Aldrich); DBP/oil; DBP/DBP; DBP/�utamide; �utamide/no treatment. For prenatal
treatments, dams were treated daily with corn oil alone or DBP (500 mg/kg) from e13.5 to
e21.5, whereas �utamide (100 mg/kg) was administered from e15.5 to e21.5 to coincide with
the start of testosterone production (Habert & Picon, 1984). Postnatal treatment of dams with
oil, DBP (500 mg/kg) or �utamide (100 mg/kg) was by daily oral gavage until Pnd15. For
postnatal TP treatment, pups were injected subcutaneously with TP (20 mg/kg) in corn oil
every third day from Pnd1 to 15.

Tissue recovery and measurements
To acquire foetal samples, dams were killed by inhalation of CO  followed by cervical
dislocation at either e17.5 or e21.5. Foetuses were removed, decapitated and placed in ice cold
phosphate bu�ered solution (PBS; Sigma-Aldrich). Testes were microdissected, snap frozen and
stored at −80 °C for determination of intratesticular testosterone (ITT) as described previously
(Fisher et al., 2003). The limit of detection of the testosterone assay was 40 pg. For foetuses
recovered at e21.5, AGD was measured using digital callipers (Faithfull Tools, Kent, UK) as a
measure of androgen exposure during the MPW (Welsh et al., 2008). Animals on Pnd25 were
killed by inhalation of CO  followed by cervical dislocation. AGD was measured and the penis
was recovered, weighed and its length measured using digital callipers (Welsh et al., 2008). The
testes, VP and SV were similarly recovered and weighed.

Statistical analysis
Data were analysed using GraphPad Prism version 5 (Graph Pad Software Inc., San Diego, CA,
USA) and one-way Analysis of Variance followed by the Bonferroni post-test. Correlations were
determined using linear regression. Data for foetal ITT levels were log transformed prior to
analysis to normalize variances. As the present studies were focussed largely on exploring the
relationship between androgen action in the MPW (as re�ected by AGD) and the size of the
various reproductive organs in individual animals, data have been analysed for individuals.
However, comparable e�ects of treatment were found when litter means were used for
statistical analysis (data not shown), although correlations were not undertaken using litter
means.

2

2
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Results
E�ects of �utamide or DBP exposure during foetal life on AGD and
male reproductive tract tissues at Pnd25
Foetal exposure to �utamide during the MPW (e15.5–e18.5) dose-dependently reduced AGD
and the size of the penis, VP and SV at Pnd25 (Fig. 2), whereas testis weight was not signi�cantly
altered (Fig. 2), compared with the controls. Foetal exposure to 500 mg/kg DBP from e13.5 to
e21.5 (i.e. including during the MPW) resulted at Pnd25 in signi�cant reductions in AGD and in
the size of testes, penis, VP and SV, although the magnitude of reduction varied between
tissues (Fig. 2). Foetal exposure to 100 mg/kg DBP caused no signi�cant e�ects, other than to
reduce size of the VP.
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Figure 2

Open in �gure viewer PowerPoint

E�ects of prenatal exposure to vehicle, di�erent doses of �utamide (in mg/kg/day) during
the MPW (e15.5–e18.5) or dibutyl phthalate (DBP: in mg/kg/day) from e13.5 to e21.5 on the

https://onlinelibrary.wiley.com/cms/asset/398f7686-de4d-42c6-acb3-049078f0b550/ijan_1005_f2.gif
https://onlinelibrary.wiley.com/action/downloadFigures?id=f2&doi=10.1111%2Fj.1365-2605.2009.01005.x
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size of male reproductive tract organs and AGD at Pnd25. Values are mean ± SEM for 6–
10 animals (�utamide) or 6–21 animals DBP per treatment group. *p < 0.05; **p < 
0.01; ***p < 0.001 in comparison with respective control.

E�ects of foetal exposure to DBP on foetal ITT and AGD and on male
reproductive tract tissues and AGD at Pnd25
Foetal exposure to 500 mg/kg DBP signi�cantly reduced ITT at both e17.5 (during the MPW)
and e21.5 (after the MPW), although the mean reduction at e21.5 was greater than that at e17.5
(Fig. 3); e�ects of 100 mg/kg DBP were not studied. A much higher proportion of ITT values for
DBP500 mg/kg-exposed foetuses at e21.5 (18 of 30 values; 60%) were below the range for
control animals when compared with DBP-exposed animals at e17.5 (8 of 26 values; 31%;
Fig. 3). This presumably explains the modest reduction (18%) in mean AGD in DBP500 mg/kg-
exposed animals at e21.5 when compared with that induced by �utamide exposure (Fig. 3).
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Figure 3

Open in �gure viewer PowerPoint

E�ects of prenatal exposure to vehicle (control) or dibutyl phthalate (DBP: 500 mg/kg/day)
on intratesticular testosterone (ITT) (e17.5 and e21.5) and on AGD (e21.5) in foetal life. Note
that for AGD (bottom panel), data are also shown for normal females and for males exposed
in utero to �utamide (100 mg/kg/day) for comparison. Small horizontal lines indicate the
mean ± SEM for between 15 and 44 ITT or 40–46 AGD values from individual foetuses.
Grey boxes indicate the range of control values.

https://onlinelibrary.wiley.com/cms/asset/2ee657a3-78ce-461a-828c-c4c8f0568d35/ijan_1005_f3.gif
https://onlinelibrary.wiley.com/action/downloadFigures?id=f3&doi=10.1111%2Fj.1365-2605.2009.01005.x
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Relationship between AGD and the size of reproductive organs at
Pnd25 after foetal exposure to DBP or
�utamide
Anogenital distance, re�ecting androgen exposure during the MPW, was signi�cantly correlated
with the size of the penis, VP and SV in both DBP-exposed and �utamide-exposed animals at
Pnd25 (Fig. 4). AGD was also signi�cantly correlated with testis weight in DBP-exposed animals,
but no such relationship was evident in �utamide-exposed animals (Fig. 4).
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Figure 4

Open in �gure viewer PowerPoint

Relationship between AGD and male reproductive organ weights at Pnd25 in animals
exposed in utero to vehicle (control) or dibutyl phthalate (DBP: 500 mg/kg/day) (left hand
panels) or animals exposed in utero to vehicle (control) or �utamide (2, 5, 10 or 100 
mg/kg/day) (right hand panels).

E�ect of combined prenatal and postnatal treatments on AGD and
penis length at Pnd25
As outlined in Fig. 1, androgen action in the MPW predetermines ultimate reproductive organ
size, but androgen action after birth is also thought to be required to ensure growth towards
this predetermined level. We tested this using AGD and penis length as endpoints, after
exposure prenatally and/or postnatally to various combinations of treatments (Table 1).
Prenatal exposure to �utamide alone was used to identify the maximum reductions in AGD and
penis length that could be achieved just by prenatal inhibition of androgen action (Fig. 5). Foetal
DBP exposure alone caused a signi�cant reduction in penis length and AGD, but combined
foetal and postnatal exposure to DBP further reduced both AGD and penis length in
comparison with controls or to foetal DBP exposure alone (Fig. 5). Postnatal exposure of rats to
�utamide after the previous foetal exposure to DBP caused an even bigger decrease in penis
length compared with foetal exposure to DBP followed by postnatal vehicle treatment, whereas
postnatal exposure to �utamide alone had only a modest non-signi�cant e�ect on either AGD
or penis length (Fig. 5). Further evidence of the postnatal androgen-dependence of AGD and
penile growth was provided by the marked increase (compared with controls) in both
parameters induced by postnatal TP treatment (Fig. 5).

https://onlinelibrary.wiley.com/action/downloadFigures?id=f4&doi=10.1111%2Fj.1365-2605.2009.01005.x
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Figure 5

Open in �gure viewer PowerPoint

E�ects of combined prenatal and postnatal exposure of rats on penis length and AGD at
Pnd25. See Materials and methods and Table 1 for treatment details. Values are mean ± 
SEM for 5–15 animals per group. *p < 0.05; **p < 0.01; ***p < 0.001 in comparison
with respective control.

Discussion
The previous studies have highlighted the importance of the MPW in establishing the later
development of the male reproductive tract based on experimental manipulation of peripheral
androgen action (Fig. 1; Clark et al., 1993; Spencer et al., 1991; Welsh et al., 2008), �ndings that
are consistent with the original TDS hypothesis (Skakkebæk et al., 2001). The primary aim of
the present studies was to establish whether induction of foetal testis dysgenesis/dysfunction
using DBP exposure would produce a similar spectrum of e�ects as occurs after blockage of
peripheral androgen action via �utamide exposure; this would provide more direct support for
the TDS hypothesis. The present results demonstrate that foetal exposure to DBP, including
during the MPW, signi�cantly reduces the size at puberty of the penis, testes, VP and SV in
parallel with a signi�cant reduction in AGD. This reduction in reproductive organs weight was

https://onlinelibrary.wiley.com/cms/asset/ac12483a-7e9a-4385-b090-0e67e5432b0a/ijan_1005_f5.gif
https://onlinelibrary.wiley.com/action/downloadFigures?id=f5&doi=10.1111%2Fj.1365-2605.2009.01005.x
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likely the result of reduced androgen exposure during the MPW as there was a strong and
consistent correlation between organ size and AGD, the latter re�ecting androgen action within
the MPW (Welsh et al., 2008). Moreover, we show presently that DBP exposure signi�cantly
suppresses ITT during the MPW (i.e. at e17.5) consistent with the previous literature (Schultz
et al., 2001; Scott et al., 2008). However, our data also illustrate how variable this suppression
is, especially in comparison with the degree of suppression observed later in gestation at e21.5.
We believe that this variation provides a rational explanation for the variation in phenotype of
DBP-exposed animals, especially the modest reduction in AGD and induction of only mild
hypospadias in a minority of animals (Mahood et al., 2007). It may also explain why the e�ects
induced by foetal exposure to DBP are noticeably less severe than those induced by �utamide
exposure as, at a dose of 100 mg/kg/day, the latter almost completely prevents
masculinization of the reproductive tract in males by blocking peripheral androgen action
(Welsh et al., 2008, 2009). A notable exception was the absence of e�ect of foetal �utamide
exposure on testis weight at Pnd25, whereas foetal exposure to DBP signi�cantly reduced testis
size. We believe this di�erence re�ects the inability of �utamide to e�ectively antagonize
androgen action within the foetal testis because of the high levels of ITT (Scott et al., 2007);
however, the DBP-induced reduction in perinatal germ cell numbers (Ferrara et al., 2006),
which reduces testis weight, could also be a factor. In summary, TDS induced by foetal DBP
exposure can cause a range of male reproductive tract abnormalities that is similar to those
induced by foetal �utamide treatment.

This study also investigated the importance of postnatal androgen action on growth of male
reproductive tract tissues after altered foetal androgen action. The previous studies have
demonstrated that postnatal androgen exposure is important for penis growth in
humans/monkeys (Herman et al., 2000; Prahalada et al., 1997) and in rats (Husmann, 2002;
Welsh et al., 2009). Our present �ndings con�rm this by showing that postnatal blockade of
androgen production (by DBP treatment) or action (by �utamide treatment) in prepubertal rats
signi�cantly reduces penis size at Pnd25 whereas TP exposure during a similar, although
shorter, period had the opposite e�ect and signi�cantly increased penis size. Our studies show
that these manipulations of pre and postnatal androgen action induce similar changes in AGD
as they do in penis size. This implies that growth of the perineum to its �nal adult size, like the
penis, is predetermined by androgen action within the MPW but also depends on su�cient
androgen exposure after birth to grow to this size, consistent with the scheme in Fig. 1. This
conclusion is also consistent with observations in mice with inactivating mutations of
Kiss1/GPR54, which have normal AGD at birth, indicating normal androgen exposure during the
MPW, but reduced AGD and penis size in adulthood as a result of absence of postnatal
testosterone production (Kau�man et al., 2007; Lapatto et al., 2007), a phenotype that
matches that observed in similarly a�ected humans (Chan et al., 2009).
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Panel discussion
René Habert (INSERM: CEA University of Paris 7, France)
We did not observe any constant e�ect of MEHP on testosterone production by mouse fetal
testis in culture. In the three models of marmosets in vivo, and human and mouse fetal testis in
vitro, phthalates act on germ cell development. This poses two important questions in regard to
human health. Firstly, is the main e�ect of phthalates an antiandrogenic e�ect? Secondly, is the
rat possibly not a good model to study the e�ects of phthalates?

Richard Sharpe
We will not know if the rat is a good model for humans until it can be shown for certain
whether or not phthalates a�ect steroidogenesis in the human fetal testis. As you know, Dr
Shanna Swan has shown that there is a correlation between maternal phthalate exposure and
anogenital distance (AGD) in male o�spring. All models are imperfect, and we are using rat
exposure to dibutyl phthalate to look speci�cally at the development of TDS disorders. The
main focus of our studies is not speci�cally to evaluate whether phthalates a�ect humans, nor
the risks to humans. We are trying to discover the key pathways leading to TDS disorders and
the phthalate-exposed rat model is extremely useful in this regard. This will improve our ability
to identify what factors might target these pathways and thus pose a risk to the human male
fetus. Based on present evidence, I consider the antiandrogenic e�ect of phthalates (in rats) to
be the most important in relation to the development of TDS disorders. If phthalates do not, or
cannot, inhibit testosterone production in the human and primate fetal testis then they may be
largely irrelevant as a major risk for TDS disorders, but at present I do not know whether or not
this is the case.

Earl Gray (US EPA, USA)
There are signi�cant di�erences in the phthalate syndromes in di�erent strains of rats. Your
strain shows a high incidence of undescended testes whereas this occurs less frequently in our
strain although we see more epididymal malformations.

Paul Foster
In our studies, we looked at malformation outcome including nipple retention in rats in
addition to AGD as a result of exposure to DBP and �utamide. Did you include nipple retention
in your studies?
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Download PDF

Richard Sharpe
In our rat studies, we recorded nipple retention but this was not emphasized because it is not
relevant to humans. Measurement of AGD is the �rst assessment that we undertake of the
animals at death, and we have found this to be very accurate in predicting the rest of the
animals reproductive phenotype such as the internal reproductive organs and (dissected) size
of the penis. AGD is a very useful measurement in this regard and this may be relevant to
humans.
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