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Digit length ratios, especially the second-to-fourth digit ratio (2D:4D), are
associated with various pathological and behavioural conditions in many
species including humans and are dependent upon prenatal androgen to oes-
trogen balance. It is unknown whether digit ratios are modified by
environmental exposure to ubiquitous endocrine disruptors. We studied the
effect on adult male Wistar rat digit ratios of a gestational exposure to the oes-
trogenic and antiandrogenic compounds bisphenol A (BPA), genistein and
vinclozolin, in low doses, and in combination with investigating in parallel a
possible sexual dimorphism of this trait. We also investigated the effects on
the male progeny not exposed during gestation. X-rays were taken of the left
and right forepaws, and 2D—-5D proximal to distal phalanx distances were
measured by a standardized procedure based on semi-automatic image analy-
sis. We provide evidence that there is a sexual dimorphism of digit ratios in the
Wistar rat, and we found that BPA alone or in combination with genistein and
vinclozolin significantly feminized digit ratios in male rats. Intriguingly, sig-
nificant feminization of digit ratios was also found in the unexposed male
progeny of males that had been exposed to compound mixtures. In conclusion,
prenatal environmental levels of endocrine-active substances permanently dis-
rupt digit ratios. Digit ratio measurement in adults is thus a promising
biomarker of prenatal exposure to low-dose endocrine disruptors in rodents,
with potential implications for future studies in humans.

1. Introduction

In humans and several other mammalian species, digit length and digit length
ratio are sexually dimorphic [1] and thought to be correlated with prenatal
levels of testosterone (PT) and oestrogen (PE) [2]. In humans, second-to-fourth
digit length ratio (2D :4D) is associated with many sexually dimorphic traits
and various health conditions [3,4] including susceptibility to prostate cancer
[5] and male reproductive health [6,7]. Males have a longer 4D and a significantly
lower 2D : 4D on the right hand than females and this difference persists into
adulthood (see [8] for review). The 2D : 4D is also lower in males than in females
in several other mammals and non-mammalian species [9,10]. The developmen-
tal links between 2D : 4D, and PT and PE remained unclear until Zheng & Cohn
[11] elegantly demonstrated the hormonal and molecular mechanisms linking PT
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and PE with mouse digit development. They showed that the
developing digits, including the fourth digit in particular, con-
tained abundant androgen receptors (ARs) and oestrogen
receptors (ERs). Either by activating AR and ER or using
pharmacological doses of the receptor agonists dihydrotestos-
terone and oestradiol, they showed that 2D:4D was
determined by the balance of PT and PE in the fourth digit
(AR increases and ER decreases chondrocyte proliferation in
the fourth digit). They also showed that postnatal exposure
to receptor antagonists and hormones does not influence
2D:4D. Thus, 2D:4D is determined not by PT alone, but
also by the balance of PT to PE signalling in a narrow time
window of fetal digit development.

In this study on male rats, we tested the hypothesis that
low (environmental)-dose exposure to oestrogenic ‘feminiz-
ing’ and/or antiandrogenic ‘demasculinizing” endocrine-
active substances (EASs) in utero affects digit lengths and
ratios. Exposure to oestrogenic and antiandrogenic EASs,
even in low doses, during the prenatal period, causes a wide
spectrum of developmental, pathological and behavioural
effects in the male [12,13]. If our hypothesis is correct, digit
length measurement, as the anogenital distance (AGD) or ano-
genital index [14], is a potentially useful indicator of prenatal
endocrine disruption. We used a previously described rat
model [15] to investigate the possible impact on adult digit
lengths of three EASs that may be associated in humans.
This work is part of a larger study with the general aim of
assessing the effects of chronic exposure to low-dose EASs
mixtures on various organs, tissues and behaviours, in the
exposed males of the F; generation and the unexposed F, gen-
eration sired by these rats. We previously reported the impact
of low doses of the phytoestrogen genistein and the antiandro-
genic fungicide vinclozolin and the additive effects of their
combination on the male genital tract and fertility [15].

In this study, we investigated the effects on the digit ratios
of exposed male rats and their unexposed progeny of prenatal
exposure to low environmental doses of bisphenol A (BPA)
alone or in combination with low-dose genistein and vinclozo-
lin. These three compounds are known for oestrogenic and /or
antiandrogenic activities and may be found in human diets.
We selected BPA because it is a well-known ubiquitous oestro-
genic chemical [16] used in the manufacture of polycarbonate
plastics and epoxy resins for use in plastic food containers and
can linings, for example [17]. We found that BPA alone or in
combination with genistein and vinclozolin significantly femin-
ized digit length ratios, particularly for right forepaw 2D : 4D.
Intriguingly, significant feminization of 2D:4D was also
found in the unexposed progeny. We also comparatively
assessed the AGD—a confirmed sexually dimorphic marker
in rodents that is disrupted during the perinatal period by
sex steroids as well as endocrine disruptor exposure (at non-
environmental levels) [18] —because it represents the reference
endpoint routinely measured in reproductive toxicology as
well as in tests for regulatory purposes, and we found neither
differences in AGD when comparing exposed and control rats
or an association between AGD and digit ratios.

2. Material and methods

(a) Chemicals
BPA (greater than or equal to 99% purity) was purchased from
Sigma-Aldrich  (Saint-Quentin Fallavier, France). Genistein

(greater than or equal to 99% purity) and vinclozolin (greater n

than or equal to 95% purity) were obtained as previously
described [15].

(b) Choice of the doses used

One aim of the study is to assess the impact of low doses of the
compounds selected, similar to those actually present in the
environment. The dose of BPA selected, 5 pgkg 'd™ ' (i.e. an
order of magnitude below the no observed adverse effect level
(NOAEL)), approached human environmental exposure levels,
generally thought to be less than 1 pgkg ' d ' [19]. We used
a dose of 1 mg (1000 p.g) kg ' d™' for genistein as this level is
similar to that present in soya-based diets [20] and has been
reported to cause reproductive disorders in male rats [15]. We
selected two doses of vinclozolin, 1 mg (1000 pg) kg~ d ™, cor-
responding to the reference low dose in our previous fertility
study [15] and considered as the ‘high’ dose here, and a
second notably lower dose, 10 pgkg 'd !, representing an
intermediary dose between the United States Environmental
Protection Agency NOAEL (1.2 mg kg ™' d ™!, based on a combi-
nation of chronic toxicity, carcinogenicity and toxicity
reproduction in rats [21]) and the level of human food contami-
nation with vinclozolin residues (an estimated daily intake of
33 pgkg ' in France [22]), twice the acceptable daily intake
of 0.005mgkg 'd ' according to the European Food Safety
Authority [23]. The mixtures studied here were selected for the
objectives of the main experimental multi-disciplinary programme
and not for our particular study, taking into account the results of a
previous study with the combined compounds genistein and vin-
clozolin, from a descriptive point of view rather than from a
mechanistic point of view: to date, the assumption of additivity
or synergy can only be made for non-environmental doses of
EASs having the same (or univocal) mode of action [24] which
was not the case of our experimental conditions. We thus investiga-
ted six exposure groups: BPA alone (5 pg kg ' d '), a genistein/
vinclozolin  mixture (1000 pgkg 'd ™' 4+ 1000 pgkg 'd™") in
accordance with our previous fertility study [15], a second
more realistic genistein/vinclozolin mixture with the low’ dose
of vinclozolin (1000 pg kg™ d ! genistein + 10 pg kg~ d~* vin-
clozolin) and the following mixtures incorporating BPA:
5pgkg 'd ! BPA +1000 pgkg ' d ' genistein, 5 pgkg 'd !
BPA + 10 pg kg 'd ' vinclozolin and 5pgkg 'd ' BPA +
1000 pg kg 'd ™" genistein + 10 pgkg ' d~' vinclozolin. The
control group was exposed to vehicle alone (see below).

(<) Animals and regimens

All animals were treated humanely and suffering was minimized.
They were maintained in accordance with the French Ministry of
Agriculture guidelines for the care and use of laboratory animals.
We purchased 100 specific pathogen-free (SPF) female and 100
SPF male Wistar Han rats, at the age of five weeks, from
Harlan France Sarl (Gannat, France). They were acclimatized to
the animal facility conditions (22°C with constant humidity and
a 12 L:12 D period) for nine weeks before mating. Polypropylene
cages and water bottles were used to prevent BPA or phthalate
contamination. Aspen sawdust was used as bedding, to prevent
exposure to endocrine-like chemical residues. During the
acclimatization period, animals were fed a phytoestrogen-free
diet (INRA, Jouy-en-Josas, France) and supplied with charcoal-
filtered water ad libitum.

(d) Animal husbandry and exposure conditions

At the age of 14 weeks, females and males were allowed to mate
(one female and one male per cage) for a maximum of 5 days.
Females were examined daily. The presence of spermatozoa in
vaginal smears or a plug was used to identify the first day of
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gestation. Groups of 12-14 gravid females were caged separately
and randomized to seven groups corresponding to control and
exposure groups (see below). At parturition, the litters were
sexed and standardized to 10 offspring (five males and five
females per litter). Animals were randomized, the experimental
allocation of each animal depending on the general experimental
design of the main study which included earlier time points (pre-
pubertal and post-pubertal sacrifices) and study of different
organs and tissues or behavioural traits on other males than
those used for digit ratio measurements. The sample size of
20 adult males per exposure group (1-2 per litter, see below,
analysis section) was selected especially according to previous
experiments (e.g. [15]) owing to the variability associated with
different endpoints studied in the main study (digit length
ratio is an endpoint among others) and the chance to detect
effects, also considering that the study was based on low-
exposure doses whose phenotypic effects are not predictable/
obvious a priori. At weaning (postnatal day 21 (PND 21)),
20 male offspring per group were caged separately (four per
cage), fed the same diet and water supplied ad libitum until
PND 100. From PND 100, exposed F; males were mated with
140 unexposed females (one female and one male per cage)
purchased from Harlan France Sarl (Gannat, France) and
acclimatized to the animal facility conditions for nine weeks
before mating. The F, generation was produced in a similar
manner and the same randomization method was used. Every
4 days, all animals were weighed and inspected for anomalies.
Dams, F; and F, adult rats (both at PND110) were anaesthetized
with isoflurane (2.5%) and killed by exsanguination. The right
and left forepaws of the F; and F, male rats were sectioned,
frozen and stored at —20°C until measurement (see below). In
addition, right and left forepaws of 20 adult control (unexposed)
females and 20 adult control (unexposed) males with the same
husbandry conditions were also sectioned and stored at —20°C
with the aim of assessing a possible sexual dimorphism of
digit length ratios in the Wistar rat. In the main protocol of the
study, dams (Fy) received BPA or mixtures orally from the first
day of gestation until weaning. The F; rats were treated every
2 days until death. BPA or the selected chemical mixtures were
dissolved in corn oil (Lesieur, Asnieres, France) and adminis-
tered (in 0.4 mlkg ' solutions) via a micropipette. Photolysis
and oxidation were prevented by storing BPA and mixture sol-
utions at 4°C, in aluminium foil-wrapped vials. Control
animals received vehicle alone. The F, rats were not exposed to
the test compounds.

(e) Image capture and digit length measurement

Digit length was determined by objective measurements of the
phalanxes on forepaw X-rays. We obtained 560 digitized 2D
X-rays (seven exposure groups x 20 animals per group x two
forepaws x two generations). The X-ray source was a Kodak
WCYA078 N° 2200 generator (Carestream Health, Inc. Croissy-
Beaubourg, France) delivering a pulsed beam of 400 kHz
(high-voltage current of 7 mA, high voltage of 60 kV, total filtration,
25mm aluminium), these settings maximizing radiographic
contrast. The tungsten focal spot was 0.7 x 0.7 mm. The optimal
sensor—object distance was 380 mm. Each forepaw was firmly
fixed to the sensor with adhesive tape across the digits, which
were kept as elongated as possible. Consequently, the plane of
the digits in contact with the sensor was parallel to the plane of
the sensor, eliminating possible distortions that might bias the
measurements. The X-ray sensor was a photostimulable phosphor
(phosphor plate) 57 x 76 mm Durr Dental sensor (Durr Dental
GmbH & Co. KG, Bietigheim-Bissingen, Germany). The associated
reading device and software were a VistaScan Perio no. X003602
and the DBSWIN, v. 52.0 software (both from Duurr Dental
GmbH & Co. KG, Bietigheim-Bissingen), respectively. This

configuration made it possible to obtain 2473 x 3123 pixels—
1069 pixels/inch final images with a 20 pl mm ™" resolution (for
5% contrast transfer), 12-bit-encoded in Tiff format. We checked
that exposure was optimal with a Solidose 400 no. 4041 electronic
dosimeter and an R100 Code no. 02465 8 detector (RTi Electronics
AB, Molndal, Sweden) suitable for X-ray energies. The optimal
dose per image was 800 nGray. A set of lead numbers correspond-
ing to the code numbers of the animals was used to facilitate
identification. Finally, dimensional calibration was carried out for
each image, by the simultaneous X-ray of the forepaws and a
0.03 mm-thick micrometre lead test pattern (Type 25no. 72319,
Nuclear Associates, Fluke Biomedical, Cleveland, OH, USA).
Digit lengths were measured for all F; and F, male rats with
IMAGE] software (http://rsb.info.nih.gov.gate2.inist.fr/ij/) from the
Tiff image files of their left and right forepaws projected onto a
computer screen. We first manually measured the calibration test
pattern on each X-ray to determine the pixelmm ' ratio with
Imacg]. This made it possible to express all measurements in milli-
metres. Digit length was defined as the sum of the lengths of the
first, second and third phalanxes plus the interarticular distances,
because complete extension of all digits for the measurement of a
single segment per digit was not always possible. Broken lines
were traced on the monitor and the broken line lengths, in pixels,
were converted in mm to estimate the length of each digit, 2D,
3D, 4D and 5D. The broken line corresponding to the digit
length consisted of three successive segments based on anatomical
landmarks, giving standardized measurements along the axes of
the third to the first phalanx of each digit. The first segment of
the broken line was the distance from the apex of the third phalanx
to the mid-interarticular point between the third and the second
phalanxes. The second segment was the distance between the inter-
articular point of the third and second phalanxes and that of the
second and first phalanxes. The third segment was the distance
between the interarticular point of the second and first phalanxes
and the mid-point of the segment joining the two promontories
of the proximal phalanx. Measurement variation was minimized
by having a single investigator making all measurements. We
assessed intra-investigator reproducibility for the determination
of digit lengths and related digit length ratios from two measure-
ments at different periods. Digit length measurements did not
differ significantly (—0.017 + 0.20 mm for 56 pairs of right or left
2D or 4D in the various exposure groups; p = 0.37) and were
highly correlated (Spearman r-coefficient = 0.91, p < 0.0001),
whereas the corresponding digit ratios tended to differ (mean
difference = 0.0099 + 0.024; p=0.06) despite strong correlation
between paired values (Spearman r-coefficient = 0.65, p = 0.0002).
All measurements were therefore made in duplicate, at different
times, by the same person (J.A.) blind to the exposure conditions,
and the mean value was used for finger length statistics and to
determine 2D:3D, 2D:4D, 2D:5D, 3D:4D, 3D:5D, 4D:5D
digit length ratios and the corresponding statistics.

(f) Anogenital distance assessment

We jointly assessed the AGD, a confirmed sexually dimorphic
marker in rodents that is disrupted during the perinatal period
by sex steroids as well as EAS exposure (at non-environmental
levels) [18]. AGD was defined as the distance between the base
of the genital papilla and the rostral end of the anal opening
[25]. At PND 21, the anogenital area of the animals was photo-
graphed with a digital camera (Nikon Coolpix 990, Tokyo,
Japan) fixed to a support, the rats being immobilized with a
rodent restrainer (Harvard Apparatus, Les Ulis, France). AGD
was measured by a person (R.B.) blind to the exposure con-
ditions of the animals, with OpTiMAs image processing software
(Media Cybernetics, USA). A pilot study on 10 males and
10 females at PND21 indicated that measurements from photo-
graphs were significantly correlated with direct measurements
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male control
2D :4D=0.860

female control
2D :4D=0.965

i N
male BPA
2D :4D=0.955

Figure 1. Examples of X-ray pictures of the right forepaw with projected anatomical landmarks and corresponding 2D : 4D digit length ratios (calculated from
duplicates of digit length measurements using the image analysis software) for a typical control male, a typical control female and a typical male exposed to BPA.

with callipers (r=0.85, p=0.002). Results are expressed as
relative AGD, calculated as AGD/body weight.

(g) Analysis

Because control and exposure groups were composed of
balanced subsets of single or two animals per litter, all measure-
ments from pairs of animals of the same litter were averaged and
litter score rather than individual scores were subsequently used
as an experimental unit allowing standard statistical methods to
be used. All statistical comparisons of digit lengths and digit
ratios between exposure groups were carried out by an analysis
of variance (ANOVA). When the null hypothesis was rejected,
post hoc Tukey tests were used for pairwise comparisons
between different exposures (as shown in the tables). We show
a box plot illustrating the distributions observed for each
exposure group and, therefore, the true level of variability. For
visual clarity, we present only the significant differences between
exposures to compounds or mixtures and controls using the
Mann-Whitney non-parametric test. Values of p < 0.05 were con-
sidered significant. However, where indicated, we wused a
threshold of 0.10, owing to the small size of the groups. Possible
associations between digit length ratios and AGDs were assessed
by Spearman’s rank correlation test. All data analysis and statistics
were performed using BMDP statistical software (Statistical
Solutions, Cork, Ireland).

3. Results

There were sex differences for several digit ratios (see the
electronic supplementary material, table S1), for example
left and right 2D : 4D were significantly higher in female con-
trol rats compared with male control rats: 0.927 + 0.025
versus 0.897 + 0.026, p=0.002 and, 0.918 + 0.027 versus
0.879 + 0.023, p =0.0001, respectively. Examples of X-ray
pictures of the right forepaw with projected anatomical land-
marks and corresponding 2D :4D digit length ratios for a
typical control male, a typical control female and a typical
male exposed to BPA are presented in figure 1.

Overall, F; and F, male adult digit lengths for the left
forepaw did not differ significantly between the exposed
and control groups. By contrast, for the right forepaw, 3D
and 5D were significantly shorter in the male F,, and 4D
was significantly shorter in both F; and F, exposed male
rats than those in the controls (see the electronic supplemen-
tary material, table S2).

Exposure to the test compounds and their mixtures signifi-
cantly modified left 2D:3D and 3D:4D, and significantly
increased right 2D :4D and 3D:4D in the male F; (see the
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Figure 2. Box plot displaying the 10th, 25th, 50th, 75th and 90th percentile
values, the extreme 5th and 95th percentiles (circles) and the mean value (thick
white line) for right forepaw 2D : 4D in (a) the F; males exposed to the com-
pounds and (b) in their unexposed male offspring (F,) carried by unexposed
dams. Mann—Whitney non-parametric comparisons (#p << 0.001, **p <
0.005, **p << 0.01, *p << 0.05) versus controls (abbreviations for both the
F, and F, and doses for the F: BPA, bisphenol A, 5 wg kg~ d™"; V, vinclo-
zolin, 10 g kg~ ' d ™", low’ or 1000 g kg~ d™" ‘high’ and G, genistein,
1000 g kg~ d ™", see [15]).

electronic supplementary material, table S3). In the unexposed
male F, sired from exposed fathers, a number of digit ratios
was significantly modified in comparison with controls (see
the electronic supplementary material, table S4). Right 2D:
4D was significantly higher in all exposed groups except the
‘high’-dose vinclozolin/genistein in the male F; (figure 2a).
In the unexposed male F,, right 2D : 4D was also significantly
increased when fathers were exposed to the vinclozolin/BPA,
genistein/BPA, genistein/vinclozolin/BPA and ‘high’-dose
vinclozolin/genistein mixtures (figure 2b).
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Relative AGD did not differ significantly between the
seven groups tested, in the male F; or F, (F=1.18, p =0.32
and F=0.82, p=0.55, respectively) despite mean values
being lower in all exposure groups than in controls (data not
shown). Overall, relative AGDs were not associated with
digit ratios in the F; or F, (data not shown) in all studied ani-
mals or in the controls only (for the 2D : 4D digit ratio, see the
electronic supplementary material, table S5).

4. Discussion

To our knowledge, our study is the first showing sex
differences of digit length ratios in the Wistar rat. Sexual dif-
ferences of digit ratios have been inconstantly found in rats
or various mouse strains [9,26,27], and generally it remains
to be determined how the accuracy and precision of measure-
ment as well as the number of animals studied (owing to
notable interindividual variations in digit length) may
impact the conclusions. We believe that the method we used
here (X-ray combined with image analysis) on a relatively
important number of rats was a valuable asset to highlight
subtle differences in size. We show here that prenatal exposure
to environmental levels of BPA, alone or with low doses of
genistein or vinclozolin, significantly modifies male offspring
digit lengths, resulting in a feminized 2D : 4D. Similar effects
were found in the next, unexposed male generation sired by
exposed fathers with unexposed mothers.

Interestingly, the magnitude of digit ratio values in male
rats exposed to xenohormones was similar to the values
measured in control females. Our results, particularly for
2D:4D are consistent with those of Zheng & Cohn [11],
because the EASs studied are known to be oestrogenic or anti-
androgenic compounds and may counteract physiological
steroid action in males. Zheng and Cohn showed that 4D
length modulation by sex hormones in mice may be limited
to specific phalanxes according to the ligands used, with
decreases in androgen or increases in oestrogen activity
decreasing phalanx length. We measured the entire length of
the digit and could not determine whether a particular pha-
lanx was responsible for the differences in 2D :4D and other
ratios. Nevertheless, our results suggest indirectly that the
developmental basis of 2D:4D should be similar in mice,
rats and humans [11,28]. Only two studies on digit length
ratios in rats have been published, both indicating that testos-
terone supply or prenatal exposures modifying testosterone
levels modulate forepaw digit length and digit ratios in prepu-
bertal rats [26,27]. In humans and mice, various conditions are
more frequently associated with right rather than left 2D : 4D
[29,30]. Our results are consistent with these findings because
we found a left-right asymmetry in both digit lengths and
ratios for our EAS exposures, with a greater effect on the
right forepaw than on the left. Our results showing differences
in 2D :4D and in several of the other five possible digit ratios
are also consistent with previous studies, in which digit ratios
other than 2D : 4D were found to differ as a function of sex or
exposure conditions [27,31-33]. Further studies are required to
determine whether the other digit ratios are mediated by
mechanisms similar to those for 2D :4D [11].

The 2D:4D values obtained for each exposure group,
including the controls, were markedly scattered (figure
2a,b), as reported for other endpoints in male Wistar rats
exposed to a low-dose EAS alone or an EASs mixture [15].

Thus, factors other than EAS exposure presumably contribute
to overall variability. It has been suggested that the consider-
ably less pronounced sexual dimorphism of 2D :4D in mice
than in humans may reflect hormone transfer between male
and female fetuses in rodent uterine horns [34], because the
degree of exposure to sex steroids during sexual differen-
tiation varies naturally in rodents, owing to the proximity
within the uterus of fetuses of both sexes [35]. We have no
reason to think that this confounding effect affects any one
group more than another.

As digit lengths were measured in young adults, postnatal
factors/exposures may play a role in determining final digit
length. However, 2D : 4D are fixed by the age of 2 years in
humans [36], and Zheng & Cohn [11] showed that postnatal
modulation of androgen or oestrogen signalling does not
affect digit ratio. Moreover, the finding of digit ratio differ-
ences between both the F; (continuously exposed from
conception to adulthood) and F, (unexposed) young adults
and controls suggests that the digit ratio differences observed
in adults largely reflect prenatal rather than ‘postnatal’
exposure. We cannot rule out a role for other unknown factors
(for example, a ‘contamination” factor related to the husban-
dry conditions, which however should affect all exposed or
unexposed animals), but the ‘EAS exposure factor’ appears
to be the major factor determining 2D :4D here, even in the
unexposed F, rats sired by exposed males.

Zheng & Cohn [11] were the first to show that the action of
an AR antagonist, flutamide, in males, or an antioestrogen, ful-
vestrant, in females, displaced 2D :4D towards a feminized
ratio in males and a masculinized ratio in females. We used
a similar approach, but with realistic, low ‘environmental’
doses of EAS alone or in combination. Genistein and BPA
mostly bind ER alpha, whereas vinclozolin is an AR antagon-
ist. As digit formation is partly controlled by oestrogen, ER
alpha, testosterone and AR, our findings indicate that develop-
ing digits are a key target of oestrogen-like and antiandrogenic
chemicals at low ‘environmental’” doses. Such properties
appear to be sufficient to explain the effect on digit length
ratios reported here. We observed no additive or synergistic
effect of the mixtures including BPA over BPA alone, but
digit lengths and ratios were generally modified slightly (gen-
erally an increase in 2D : 4D) in the presence of vinclozolin or
genistein. These slight changes may result from complex
modes of actions at low doses. They may also reflect the fact
that the compounds selected do not have the single property
of acting at the ER or AR. For example, genistein has been
reported to exhibit antiandrogenic activity in vitro, in addition
to its well-established oestrogenic activity [37] and has been
identified as an alternative ligand of AR in vivo [38]. In a
reporter gene assay, BPA was shown to act as an AR anta-
gonist, with detectable activity [39] and BPA has been
shown to affect multiple steps in AR activation and function
[40]. Vinclozolin and its principal metabolites are generally
considered to be potent antiandrogens but have also been
shown to act as agonists of ER alpha and beta [41]. The
EASs studied have a lower potency than natural ligands, but
their ability to act via more than one mechanism must be
taken into account when considering their combined effect,
together with the absence of additive or synergistic effects
for the low doses selected.

It has recently been reported that a mixture of BPA and
genistein in vitro may disrupt the development of chondro-
cytes in micromass cultures of rat embryonic limb bud cells,
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with additive effects at lower concentrations and synergism
at higher concentrations [42]. Similarly, a recent study indi-
cated that in utero exposure to a more potent xenoestrogen,
diethylstilbestrol, affects lumbar and femoral bone, giving a
feminized phenotype in males [43]. These studies indicate
that xenoestrogens, alone or in combination, in vitro and
in utero, may have a detrimental sex-linked effect on the
developing skeleton.

We jointly assessed the AGD—a confirmed sexually
dimorphic marker in rodents that is disrupted during the
perinatal period by sex steroids as well as endocrine disrup-
tor exposure (at non-environmental levels) [18]—because it
represents the reference endpoint routinely measured in
reproductive toxicology as well as in tests for regulatory pur-
poses. Therefore, we considered comparatively assessing
both methods, because this may have implications in various
domains such as clinical studies (it is obviously easier to
measure digit length ratios than AGD in humans) or repro-
ductive toxicology, with the particular question of the effect
of low doses and mixtures of EASs. It was recently claimed
in a review on AGD and digit ratio that the former classical
approach in reproductive toxicology (where most studies on
prenatal exposure to EASs involve high non-environmental
doses) is superior to the latter, in either animal or human
studies [44]. Our results based on realistic low-dose
exposures to EASs is in contrast with this appraisal because
we found differences in digit ratios but not in AGD according
to the various exposure conditions. Thus, we believe that
adding digit ratio measurements could be useful for repro-
ductive toxicology or regulatory purposes. It should be kept
in mind that because this trait is permanently fixed, it can
be measured at any postnatal developmental period.

Our results—obtained with different experimental con-
ditions and for different mammalian species—are consistent
with those of Zheng & Cohn [11], Hurd et al. [45] and
Manno [30]. Digit ratios are thought to be exclusively depen-
dent on the ratio of prenatal testosterone and oestrogen levels,
whereas AGD is determined by these hormones both prena-
tally and postnatally [46]. Fetal position in rodent uterine
horns, as discussed above, may affect both AGD [45] and
digit ratio. Our study is also different from previous studies
in the continuous exposure of the pups to BPA or mixtures
during the lactation period. Digit ratios were found to be
fixed exclusively by prenatal exposure, whereas AGD was
modulated by the compounds both during gestation and
postnatal exposure of the pups (the transmission to pups to
the three compounds tested via milk has been demonstrated;
([47,48], ]. P. Cravedi 2005, unpublished data). In summary,
digit ratios and AGDs in experimental studies involving con-
tinuous exposure to endocrine disruptors are different
markers that may be jointly assessed for the detection of
associations with other phenotypic changes. Overall, accord-
ing to the questions raised concerning the exposure period,
both biomarkers may be complementary and equally useful.

We found that digit ratios were also feminized in the
second generation sired by fathers exposed to BPA or some
mixtures. When mothers are exposed to a toxicant during preg-
nancy (Fp), the developing embryo (F;) and the developing
germline that will give rise to the F, generation are also directly
exposed to the compound [49]. This is particularly true if the F;
is continuously exposed, as in this study. Our findings for digit
ratios in the F, thus indicate that BPA, alone or in mixture with
other EASs, may modify the epigenome of the F, generation.

Owing to the design of this study, which was limited to F;
exposed and F, unexposed generations, we cannot confirm
the existence of a true transgenerational effect [50,51]. How-
ever, abnormal spermatogenesis, reduced fertility, changes to
the expression of ER alpha and Steroid Receptor Coactivator-
1 in the brain have been reported to persist in male F, and in
completely unexposed male F; animals after perinatal
exposure to a low environmental dose of BPA [13,52]. Changes
were observed even after exposure to the parent chemical had
ceased. Such findings imply that the effects of perinatal BPA
exposure may be vertically transmitted in the germline, affect-
ing the reproductive function not only of the F;, but also of
subsequent (F, and F;) generations. Other abnormalities
have been found in subsequent generations of unexposed ani-
mals resulting from a parental F, generation perinatally
exposed to low-dose BPA [53]. Thus, the proposed epigenetic
mechanism may also apply to transgenerational abnormalities
of digit development after initial perinatal exposure to low-
dose BPA or the mixtures tested. Further investigations are
required to determine the underlying molecular basis of the
permanent effects.

Our findings and the results of other studies on digit
lengths and ratios in laboratory rodents [9,11,26,27,45] show
this endpoint to be a potentially useful indicator that may be
associated with gestational testosterone levels, the testosterone
to oestrogen ratio, or prenatal hormonal disruption of the uter-
ine microenvironment. It may indicate hormonal disruptions
in response to various types of exposure, e.g. prenatal
exposure to high doses of alcohol [27]. Thanks to the similarity
of the mechanisms underlying digit development during ges-
tation in rodents and humans, this endpoint may constitute an
interesting index for assessing various human exposure risks
(particularly in the context of the developmental origins of
health and disease, and the endocrine disruptors hypothesis).
X-ray measurements are clearly more accurate and precise
than direct or photographic methods. Owing to a number of
confounding factors (discussed above) and the low doses
used, it remains possible that direct or photographic methods
would not have detected the differences reported here.
Photographic measurements of 2D:4D in field voles have
been shown to have a higher measurement error and give con-
sistently higher estimates of 2D:4D than X-rays. These
findings suggest that X-rays, owing to their greater accuracy,
should be preferred to photographs for digit ratio measure-
ments in rodents [54]. However, significant associations
between digit ratios and various traits have been found
with methods other than X-rays: measurements from photo-
graphs of sectioned paws stored in formalin [55],
measurements from photographs of live animals [26] and
direct measurements [9,28]. Thus, such non-invasive methods
may be preferred over the invasive, labour-intensive and
costly method based on X-rays of sectioned paws. Further
studies are required to determine whether simpler methods
of digit measurement can clearly demonstrate changes
owing to low-dose endocrine disruption, as in this study,
and detect associations between digit ratios and a number of
other hormonally disrupted endpoints.

In summary, our results for the first generation provide
further indirect evidence of the prenatal influence of oestrogens
and testosterone on the digit formation, because oestrogenic
and antiandrogenic compounds are found to modify digit
lengths and digit length ratios. Digit ratio appears to be a rel-
evant new indicator for studying the in utero hormonal
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factors affecting specific behaviours and disease predisposi-
tions in humans, in the context of real-life environmental
exposure. Our data also suggest that measurements of digit
ratio may be an interesting supplementary endpoint for the
assessment of epigenetically modulated effects.

The experiments described in this work were approved by the Ethics
Committee of the University of Burgundy (ref.: CIME 16-Dec-2009,

no. A1909).
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