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1. Introduction

Vinclozolin (3-[3,5-dichlorophenyl]-5-ethenyl-5-methyl-2,4-
oxazolidinedione, C12–H9–Cl2–N–O3, 286 g/mol, CAS Number
50471-44-8, EINECS 256-599-6) is a nonsystemic dicarboximide
fungicide which inhibits spore germination and is used for the con-
trol of several types of fungi in vines (such as grapes), vegetables,
ornamentals, and also on turf grass. It is a crystalline solid at room
temperature (melting point 108 ◦C) and is preferentially soluble
in organic solvents (log P[octanol–water] = 3.0). The current ADI
established by WHO for vinclozolin is 10 �g/(kg body weight day)
(�g/(kg bw d)) based on a no observed adverse effect level (NOAEL)
from a 24-month chronic and carcinogenicity study in rats of
1.4 mg/(kg bw d). The lowest NOAEL from reproduction studies is
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to investigate a possible transgenerational effect of the fungicide vinclo-
system following oral exposure since this effect was reported by Anway
umcu M, Skinner MK. Epigenetic transgenerational actions of endocrine
ience 2005;308(5727 (June 3)):1466–9] after intraperitoneal administra-
dosed by oral gavage with vinclozolin 0, 4 or 100 mg/(kg bw day) on days

e offspring was mated with untreated females to produce F2, which were
ce F3 offspring. F0 maternal treatment had no effect on mating and fer-
sexual development, mean sperm parameters, or histopathology of the
ales (at age 127–134 days). Apoptotic germ cell counts were statistically

d F3 generations, however, control values showed a pronounced variance
enic compounds are more likely to induce the opposite effect (increased
not considered to be treatment related. Consequently, spermatogenesis
exposure in utero. As vinclozolin has been shown to induce clear anti-

following treatment with 100 mg/(kg bw day) during entire gestation, the
icates that the window of sensitivity for anti-androgenic effects is from

n the male reproductive system was found. The NOAEL was >100 mg/(kg
uctive performance, for systemic parental and developmental toxicity in

© 2008 Elsevier Inc. All rights reserved.
4 mg/(kg bw d) (2-generation reproduction toxicity study in rats)
[1].

Multigeneration studies in Wistar rats indicate that utero/
lactational exposure results in demasculinized male offspring [2].
Effects include reduced anogenital distance and retained areolae at
an oral dose of 1000 ppm (100 mg/(kg bw d)) and above, hypospa-
dias, hypoplastic penis, reduced testicular size, aplasia/agenesia
or reduced size of male accessory glands and, at 3000 ppm
(307 mg/(kg bw d)), a vagina-like orifice. Similar male developmen-
tal effects were recently reported in a 2-generation reproduction
toxicity study (continuous dietary exposure of F0 and F1 mating
pairs and offspring) by Matsuura et al. [3]. Newborn F1 and F2 males
had shortened anogenital distance and nipple/areola remnants at
≥40 ppm (2.29 mg/(kg bw d)), at weaning, F1 and F2 had decreased
epididymis weights and morphological abnormalities of the exter-
nal genitalia including cleft prepuce, penile hypoplasia, and vaginal
pouch at 1000 ppm (58.65 mg/(kg bw d)). Interestingly, no effects
on spermatogenesis were seen in either F0 or F1 males, although
some F1 males at 1000 ppm were infertile. Since all infertile males

http://www.sciencedirect.com/science/journal/08906238
mailto:bennard.ravenzwaay@basf.com
dx.doi.org/10.1016/j.reprotox.2008.04.001


tive To
S. Schneider et al. / Reproduc

were affected by morphological abnormalities in the external geni-
talia, the authors concluded that this was the cause for the infertility
in F1 males.

Gray et al. [4] narrowed down the exposure period by adminis-
tering vinclozolin in corn oil by gavage once daily on gestation day
14 through postnatal day 3 in rats at 0, 100, or 200 mg/(kg bw d).
Male offspring exhibited dose-related incidences and severities of
male reproductive tract malformations and renal system malfor-
mations, including hydroureter, hydrophrosis, and urinary bladder
stones. Wolf et al. [5] characterized the period of sensitivity of fetal
male sexual development to vinclozolin. They window-dosed (oral
gavage, 200 and 400 mg/(kg bw d)) Long–Evans rats in 2-day peri-
ods from gestation day 12 through 21, and found the most sensitive
period to be on gestation days 16 and 17, although severe effects
were present and 100% of male offspring were affected with admin-
istration of vinclozolin from gestation days 14 through 19. Effects
included dose-related incidences and severities of male reproduc-
tive tract malformations, retained nipples and reduced weight of
musculi levator ani/bulbocavernosus and sexual accessory glands.

In one dose–response study [6], Wistar and Long–Evans rats
were orally dosed with vinclozolin from gestation day 14 to post-
natal day 3 at 0, 1, 3, 6, 12 or 200 mg/(kg bw d). The high dose
(200 mg/(kg bw d)) was maternally toxic, and male offspring from
both strains exhibited reduced anogenital distance; retained nip-
ples/areolas; hypospadia; penile hypoplasia; development of a
vaginal pouch; hypoplasia and chronic inflammation of the epi-
didymidis, prostate, seminal vesicles, and coagulating glands;
testicular tubule atrophy; and chronic inflammation of the uri-
nary bladder. At 12 mg/(kg bw d), retained nipples/areolas were
present in both strains in pre-weaning males but persisted only
in Long–Evans rats. Long–Evans rats (but not Wistar) also exhib-
ited a low incidence of hypoplasia of accessory sex organs. The
NOAELs were therefore 12 mg/(kg bw d) in Wistar rats and 6 mg/(kg
bw d) in Long–Evans rats (there were no effects in either strain
at 1 or 3 mg/(kg bw d)). In another dose–response publication [7],
maternal rats were dosed by gavage on gestation day 14 through
postnatal day 3 with vinclozolin at 0, 100, and 200 mg/(kg bw d)
(first study), with expected male offspring reproductive malfor-
mations observed at both doses. In a follow-up study, the doses
were 0, 3.125, 6.25, 12.5, 25, 50, and 100 mg/(kg bw d). In offspring
males, reduced anogenital distance was observed at ≥3.125 mg/(kg
bw d), retained areolas were observed at ≥6.25 mg/(kg bw d), and
ventral prostate weight was reduced and hypospadia observed at
50 mg/(kg bw d). Ectopic testes were only observed at 100 and

200 mg/(kg bw d). Effects on serum testosterone levels and sper-
matogenesis were only observed at ≥100 mg/(kg bw d).

The hypothesis that vinclozolin exposure produces androgenic
receptor antagonism, as suggested by these studies, was supported
by in vitro studies which indicate that, rather than vinclozolin itself,
the two major vinclozolin metabolites bind to the androgen recep-
tor [8] and, acting as anti-androgens, inhibit subsequent androgen
receptor-dependent transcriptional activation [9]. Direct evidence
identifying vinclozolin’s MOA as androgenic receptor antagonism
in vivo was provided by Kelce et al. [10] who showed that treatment
of rats with vinclozolin resulted in changes in androgen-dependent
gene expression in the prostate. However, in a recent publica-
tion, Molina-Molina et al. [11] showed that not only the two
main metabolites, but also vinclozolin, exhibited a potent anti-
androgenic activity in PALM cells, a stable prostatic cell line used
to evaluate androgenic activities. Metabolite M2 was the most
potent antagonist followed by vinclozolin itself and metabolite M1
(IC50 = 0.17, 0.3 and 53 �M for 0.2 nM R1881, respectively). These
results are in agreement with those obtained by Wong et al. [9], who
found that vinclozolin and its metabolites show antagonist effects
(M2 > vinclozolin > M1) and with those obtained by van Raven-
xicology 25 (2008) 352–360 353

zwaay [2], who reported antagonist effects of vinclozolin on the
androgen receptor in a MCF-7 cell line.

Uzumcu et al. [12] reported effects of vinclozolin on spermato-
genesis of 20 and 60 days old male F1 offspring of Sprague–Dawley
female rats after intraperitoneal administration of 100 mg/(kg
bw d) on gestation days 8 through 14. The effects included signifi-
cantly higher numbers of apoptotic germ cells in 20 and 60 days old
male F1 offspring as well as significantly reduced sperm motility in
60 days old male F1 offspring.

Anway et al. [13] also reported that a daily intraperitoneal expo-
sure of gestating female Sprague–Dawley rats on gestation days
8–15 to 100 mg/(kg bw d) vinclozolin induced an adult phenotype
in the F1 generation of decreased spermatogenic capacity (cell
number and viability) and increased incidence of male infertility
in males, at an age beyond 90 days. These effects were reported
to be transferred through the male germ line to nearly all males of
F2–F4 subsequent generations, suggesting an epigenetic alteration.
In detail, reduced sperm numbers (by approximately 20%) and a
reduced sperm forward motility (by about 25–35%) were noted
for the F1–F4 generations. More than 90% of all males analyzed
from all generations were reported to have the germ cell defect of
a greater than two-fold increase in spermatogenic cell apoptosis.
A total of 8% of the vinclozolin-exposed F1–F4 males developed
complete infertility.

The aim of the study reported here was to investigate a possi-
ble transgenerational effect of vinclozolin through the male germ
line, as it was reported by Anway et al. [13], on the integrity and
performance of the male reproductive system following oral expo-
sure. The reason for selecting the oral administration was that this
route will provide the necessary and relevant data for risk assess-
ment.

2. Materials and methods

2.1. Study design

Pregnant outbreed Wistar rats (F0 generation) were treated with doses of 0, 4
and 100 mg/(kg bw d) by oral gavage from gestation day 6 through gestation day 15.
F1 animals were exposed to test item only during this limited time in utero, and F2
and F3 animals were not exposed to test item at all.

Twenty F0 females per group were used to generate the F1 offspring and 50
male pups per group were randomly selected to become F1 parental male animals
to generate F2 pups with untreated female rats. Subsequent breeding was continued
in the same manner for 2 generations. F1 and F2 generation male Wistar rats were
observed for mating behavior and success as well as ability to generate healthy
offspring. F1, F2 and F3 generation male gonads were examined on postnatal day 130
(sperm evaluation, detailed histopathology of testes, epididymides and accessory

sexual glands, as well as quantification of apoptotic germ cells in the testes).

Reference was made to the 2-generation reproduction toxicity study defined in
OECD test guideline 416 [14]. The study was conducted in accordance with Good
Laboratory Practice guidelines and applicable animal welfare legislation [15,16].

2.2. Animals

F0 female time-mated outbreed Wistar rats (Crl:WI[Han]), aged about 10–12
weeks were delivered from Charles River Germany on day 0 p.c. (day 0 p.c. = detection
of vaginal plug/sperm). All animals were free from clinical signs of disease. They were
acclimatized to the test facility environmental conditions and diet from day 0 p.c.
to the beginning of dosing on day 6 p.c.

This rat strain was chosen because of its general acceptance and suitability for
embryotoxicity testing (including teratogenicity) and the availability of historical
control data.

2.3. Housing

Parental adults were uniquely identified with an ear tattoo identification
number, and were housed individually (except during mating) in stainless steel wire-
mesh cages (DK III, Becker & Co., Castrop-Rauxel, Germany) or, in females from day 18
of pregnancy until day 21 of lactation, in Makrolon type M III cages containing nest-
ing material (certified cellulose wadding, supplied by SSniff Spezialdiaeten GmbH,
Soest, Germany). All live pups were identified by skin tattoo on day 1 postpartum
and with picric acid marking of the fur between days 10 and 15 postpartum. The ani-
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mal quarters were air-conditioned (20–24 ◦C, 30–70% relative humidity) with a 12 h
light/12 h dark cycle; walls and floors were washed weekly. Certified feed (ground
Kliba maintenance diet rat/mouse meal, Provimi Kliba SA, Kaiseraugst, Switzerland)
was available ad libitum throughout the study, as was tap water (human drinking
quality) in drinking bottles.

2.4. Treatment

Twenty F0 females per group received vinclozolin (BAS 352 F, 88/0375 batch
N183, purity 99.1%) by oral (gavage) dosing daily from days 6 to 15 p.c. at a dose of
0 (control), 4 or 100 mg/(kg bw d) in vehicle (0.5% aqueous carboxymethylcellulose,
10 ml/kg bw; prepared fresh daily). Stability, homogeneity and actual content of
dosing mixtures at the beginning and end of the dosing period were confirmed
analytically.

The low dose of 4 mg/(kg bw d) was expected to be a NOAEL, and the high dose
of 100 mg/(kg bw d) was expected to have effects on F1 spermatogenesis, based on
previous studies [4,6,7].

2.5. Mating

For mating, 50 F1 males per dose group were randomly selected prior to weaning
on day 21 postpartum with at least one animal from each available litter (“parental
males”). From the resulting F2 offspring, 1–2 males per litter were selected to get
50 males for mating.

Starting 10 weeks post-weaning, the selected F1 and F2 parental males were
mated with nulliparous, untreated females of the same strain and age. Pairs were
cohabitated overnight until positive mating (sperm in vaginal smear = day 0 p.c.), for
a maximum of 2 weeks. Positively mated F1 and F2 females were allowed to deliver
and rear their F2 and F3 pups.

2.6. Observations

Cageside examinations were conducted at least once daily. Body weights were
measured in F0 females at 1–3 day intervals throughout pregnancy. Food consump-
tion and body weights were measured weekly in F1 and F2 parental males and in
mated females during gestation and lactation.

F1, F2 and F3 offspring were examined as soon as possible on the day of birth
(day 0 postpartum) to determine the sex and number of liveborn and stillborn per
litter. Pup clinical signs and macroscopic changes were checked at least once daily
throughout lactation.

All F1, F2 and F3 litters were randomly culled on day 4 postpartum to 4 male
and 4 female pups where possible. Pups were weighed on the day after birth (day 1
postpartum) and on days 4, 7, 14 and 21 postpartum. To quantify sexual maturation,
male preputial separation was assessed daily from day 40 postpartum in the selected
parental F1 and F2, and in all surviving F3 offspring (n = 50 per dose).

2.7. Post-mortem

At 127–134 days of age, parental F1 and F2 and adult F3 males were fasted
for 16–20 h, weighed, and sacrificed by decapitation under isoflurane anesthesia.
After exsanguination, gross pathology was assessed, with special attention to the
reproductive organs.
Testes, epididymides, cauda epididymidis, prostate, and seminal vesicles includ-
ing coagulation glands were weighed. Immediately afterwards, motility of sperm
from the right cauda epididymidis of all parental males was microscopically
quantified (in randomized order) according to Slott et al. [17]. Mean number of
homogenization-resistant testicular spermatids and caudal epididymal sperm and
percentages of morphologically abnormal sperm were quantified based on Feuston
et al. [18].

Histopathology of one half of the left testis, the left epididymis, seminal vesi-
cles, coagulation glands and prostate (all fixed in Bouin’s solution) was assessed in
hematoxylin–eosin stained Paraplast sections.

Apoptosis was quantified in the other half of the left testis (fixed in 4% buffered
formaldehyde solution) with the In Situ Cell Death Detection Kit, AP (Roche Diagnos-
tics, Mannheim, Germany). This kit uses TUNEL immunohistochemistry (terminal
deoxynucleotidyl transferase fluorescein-dUTP Nick End Labeling) to label the
characteristic DNA strand breaks in apoptotic cells by terminal deoxynucleotidyl
transferase (TdT), which catalyzes polymerization of labeled nucleotides to free 3′-
OH DNA ends; the incorporated fluorescein is detected by sheep anti-fluorescein
antibody Fab fragments conjugated with alkaline phosphatase (AP). After substrate
reaction, stained apoptotic cells were quantified by light microscopy.

F0, F1 and F2 dams were sacrificed after their pups were weaned (day 21 postpar-
tum) and discarded without further examinations. Mated females which produced
no litter were discarded after examination of their stained uteri for evidence of early
resorptions [19].

Surplus male F1, F2 and F3 pups culled on day 4 postpartum or sacrificed on day
21 postpartum as well as all stillborn and subsequent decedent males were exam-
ined externally, eviscerated and their organs assessed macroscopically. In case of
xicology 25 (2008) 352–360

any notable findings at necropsy or in the daily clinical observation, grossly abnor-
mal organs/tissues were preserved for histopathological examination if necessary.
Female F1, F2 and F3 pups culled on day 4 postpartum as well as all stillborn pups and
subsequent mortalities were examined as for male pups, but female pups sacrificed
on day 21 postpartum were discarded without further examination.

2.8. Reproductive parameters

Reproductive performance of parental males was summarized by dose group
using the following indices:

• male mating index (%): number of males with confirmed mating (=vaginal sperm
or pregnancy in cohabited female) × 100/number of males placed with females;

• male fertility index (%): number of males proving their fertility (=parturition or
presence of embryos or fetuses in utero in cohabited female) × 100/number of
males placed with females;

• female fertility index (%): number of females pregnant (=embryos or fetuses in
utero or giving birth) × 100/number of females placed with males;

• gestation index (%): number of females with liveborn pups × 100/number of
females pregnant;

• livebirth index (%): number of liveborn pups × 100/number of liveborn + stillborn
pups;

• viability index (%): number of pups alive on day 4 postpartum (preculling) × 100/
number of liveborn pups;

• lactation index (%): number of pups alive on day 21 postpartum × 100/number of
pups alive on day 4 postpartum (postculling).

2.9. Statistical analysis

The experimental unit of analysis was the parental animal or litter, i.e. one indi-
vidual per litter was taken for examinations of the F2 and F3 generations. In order
to have consistent statistics, F1 generation littermates were not considered as the
extent was limited to generally only 2–3 littermates.

Dunnett’s test [20,21] was used for simultaneous comparison of all dose groups
with the control group in food consumption (g/parental animal), body weights and
body weight change (parental animals and litters), number of cohabitation days to
positive mating, duration of gestation, number of pups delivered per litter, and age
at preputial separation.

Kruskal–Wallis (two-sided) tests followed if significant by pairwise Wilcoxon
tests [22–24]. Wilcoxon tests were also used to assess group differences in ter-
minal parental body weights and parental and pup absolute and relative organ
weights, proportion of pups per litter with necropsy observations, proportion of
males with histopathology observations, total spermatids/g testis or cauda epi-
didymides, and % sperm motility, for which variable Bonferroni–Holm adjustment
[25] was applied.

Fisher’s Exact test [24], one-sided, was used for pairwise comparison of each
dose group with the control for mating, fertility and gestation indices, females with
liveborn, stillborn and with all stillborn pups, livebirth index, pups stillborn, pups
dead, pups cannibalized, pups sacrificed moribund, viability and lactation indices,
number of litters containing pups with necropsy findings, and age at preputial sep-
aration, and number of animals with >4% abnormal sperm.
3. Results

Vinclozolin had no adverse effects in treated F0 dams; reproduc-
tion indices (fertility, gestation, livebirth, viability and lactation)
were unaffected by treatment (Table 1). There were no treatment-
related clinical signs (the only signs in the study were transient
skin lesions or chromodacryorrhea in a total of 3 parental F1 and F2
and F3 males without relation to treatment), and premating food
consumption and body weight gain of parental males did not dif-
fer between groups (data not shown). At F1 pup necropsy on days
4 and 21 postpartum, incidence of macroscopic findings did not
differ between groups (data not shown). Isolated findings included
dilated renal pelvis (total 2, 2 and 4 pups in control, 4 and 100 mg/kg
groups) and small testis (total 4, 0 and 2 pups in 0, 4 and 100 mg/kg
groups).

One F1 male selected for mating was found dead in week 6 of
the premating period; it had no remarkable macroscopic necropsy
findings, and no pathology of the sex organs. There were no other
unscheduled post-weaning deaths in this or any other generation.
F1 male development (body weight and age at preputial separation)
was unaffected by treatment, as was reproductive performance.
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Table 1
Reproduction data, F0 females/gestation and lactation data, F1 litters

Dose group (mg/(kg bw d))

0 4 100

Female fertility index (%) 95 100 95
Duration of gestation (days, mean ± S.D.) 21.4 ± 0.5 21.6 ± 0.5 21.6 ± 0.5
Food consumption, gestation days 0–20 (g/(dam day), mean ± S.D.) 18.6 ± 1.4 18.7 ± 1.4 18.6 ± 1.3
Body weight gain, gestation days 0–20 (g, mean ± S.D.) 106.5 ± 8.3 110.7 ± 11.2 109.0 ± 11.0
Gestation index (%) 100 100 100
Number of litters 19 20 19
Pups delivered per litter (mean ± S.D.) 8.6 ± 1.2 9.3 ± 1.6 9.3 ± 1.8
Livebirth index (%) 98 100 99

Dose g

0

96
21.9

100
47
11.2
Sex ratio of live newborns (% male)
Pup weight day 1 postpartum (g, mean ± S.D./litter)
Maternal food consumption, lactation days 1–14 (g/(dam day), mean ± S.D.)
Maternal body weight gain, lactation days 1–21 (g, mean ± S.D.)
Viability index (survival days 0–4 postpartum) (%)
Lactation index (survival days 4–21 postpartum) (%)

Table 2
Gestation and lactation data, F2 litters

Female fertility index (%)
Duration of gestation (days, mean ± S.D.)
Gestation index (%)
Number of litters
Pups delivered per litter (mean ± S.D.)

Livebirth index (%) 99
Sex ratio of live newborns (% male) 44.7
Pup weight day 1 postpartum (g, mean ± S.D./litter) 6.4
Viability index (survival days 0–4 postpartum) (%) 99
Lactation index (survival days 4–21 postpartum) (%) 99

Gestation and lactation parameters for the resulting F2 litters were
not affected by treatment (Tables 2 and 4a).

Relative to body weight, the weight of the epididymides,
prostate and seminal vesicles were comparable across groups.
At necropsy, reduced size of testes (uni- as well as bilat-
eral findings) and epididymides were noted in a total of 3/50
F1 offspring at 4 mg/kg, reduced size of testes were noted
in 2/50 and reduced size of epididymides were noted in
4/50 F1 offspring at 100 mg/kg (Table 4a). From these ani-
mals, in 2/50 males at 4 mg/kg and 2/50 males at 100 mg/kg
the reported macroscopical findings were correlated to dif-
fuse tubular degeneration in the testis, oligozoospermia/aspermia
in the epididymis, markedly reduced homogenization-resistant
spermatid/sperm counts and infertility. 1/50 males at 4 and
100 mg/kg each exhibited a tubular degeneration in the left testis

Table 3
Gestation and lactation data, F3 litters

Dose g

0

Female fertility index (%) 100
Duration of gestation (days, mean ± S.D.) 22.0 ±
Gestation index (%) 100
Number of litters 50
Pups delivered per litter (mean ± S.D.) 12.0 ±
Livebirth index (%) 100
Sex ratio of live newborns (% male) 49.0
Pup weight day 1 postpartum (g, mean ± S.D./litter) 6.1 ±
Viability index (survival days 0–4 postpartum) (%) 99
Lactation index (survival days 4–21 postpartum) (%) 99

a The number of pups surviving to day 4 was significantly (p ≤ 0.01) lower in the 100 mg
the remaining 6 were cannibalized on day 1 postpartum (3 of the day 1 deaths had no m
in untreated control animals in this laboratory and this is therefore considered fortuitous
50.6 51.1 51.4
6.2 ± 0.5 6.4 ± 0.5 6.5 ± 0.6

35.9 ± 11.3 38.6 ± 11.0 39.1 ± 11.0
30.4 ± 7.7 29.1 ± 8.9 28.1 ± 9.9
98 100 99

100 100 100

roup (mg/(kg bw d))

4 100

98 94
± 0.3 22.0 ± 0.4 21.9 ± 0.4

100 100
46 47

± 2.0 11.8 ± 1.7 11.4 ± 2.3

98 99
49.5 47.6

± 0.6 6.2 ± 0.4 6.1 ± 0.5
100 99
100 100

and oligozoospermia in the left epididymis, which were not
accompanied by changes in spermatid/sperm counts from the
right testis/epididymis and infertility. 1/50 males at 100 mg/kg
had a pyogranulomatous orchitis/diffuse tubular degeneration in
the left testis which was not accompanied by histopathologi-
cal changes in the epididymis or changes in spermatid/sperm
counts and infertility. All described findings were seen in ani-
mals of different litters, none of the individual incidences was
statistically significantly different to control (Wilcoxon test, one-
sided).

Mean testis spermatid and epididymis sperm counts did not dif-
fer between groups. Mean % abnormal sperm also did not differ
statistically between groups. The variance of the 100 mg/kg group
was higher than the other groups, due to one male with 97% abnor-
mal sperm (mainly head abnormalities and headless) which was

roup (mg/(kg bw d))

4 100

100 98
0.3 21.9 ± 0.5 21.8 ± 0.4

100 100
49 49

1.9 12.0 ± 1.9 11.9 ± 2.3
99 99
48.5 55.3

0.4 6.2 ± 0.6 6.1 ± 0.5
100 98a

100 100

/kg group than controls, due to one litter in which 3 pups were stillborn, 5 died and
ilk in the stomach; no other abnormalities were detected). Such litter losses occur
, not treatment-related.
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Table 4a
Sexual development and necropsy data, F1 males

Dose group (mg/(kg bw d))

0 4 100

Number of male offspring/litters evaluated 50/19 50/20 50/19
Age at preputial separation (days, mean ± S.D.) 43.3 ± 1.9 44.1 ± 2.0 42.9 ± 2.5
Weight at preputial separation (g, mean ± S.D.) 177 ± 11 177 ± 12 178 ± 14
Male mating index (%) 98 96 100
Male fertility index (%) 94 94 94
Cohabitation days to positive mating (mean ± S.D.) 2.9 ± 1.7 2.5 ± 1.1 2.4 ± 1.8
Relative weight: testis (% term. body weight, mean ± S.D.) 0.988 ± 0.077 0.952 ± 0.171a 0.975 ± 0.152
Relative weight: epididymis (% term. body weight, mean ± S.D.) 0.308 ± 0.02 0.3 ± 0.04 0.296 ± 0.041
Relative weight: cauda epididymidis (% term. body weight, mean ± S.D.) 0.119 ± 0.011 0.113 ± 0.018 0.113 ± 0.019
Relative weight: prostate (% term. body weight, mean ± S.D.) 0.308 ± 0.046 0.314 ± 0.064 0.314 ± 0.059
Relative weight: seminal vesicles (% term. body weight, mean ± S.D.) 0.316 ± 0.054 0.309 ± 0.058 0.323 ± 0.051

Macro/histopathology of testis
Reduced size/diffuse tubular degeneration; bilateral 0 2 2
Reduced size/diffuse tubular degeneration; unilateral 0 1 1
Calcification/orchitis; unilateral 0 0 1
Macro/histopathology of epididymis
Reduced size/oligospermia (aspermia); bilateral
Reduced size/oligospermia (aspermia); unilateral
Reduced size/no findings; bilateral
a n = 49; #161 testis was not weighed because of premature death.

Table 4b
Sperm evaluation, F1 males

Sperm parameters, number evaluated
Testis spermatid count (M/g)
Cauda epididymidis sperm count (M/g)
% abnormal sperm
Number of animals with >4% abnormal sperm
% motility (mean ± S.D.)
Number of animals with sperm count <12 M/g testis or ≥90% abnormal morphology

a #156 and #196 did not have enough sperm for analysis, #161 died prematurely.
b #222 did not have enough sperm for analysis.
c High variance due to #238 with 97% abnormal sperm, mainly head abnormalities and

also affected by reduced size of epididymis and oligozoospermia
(see above) (Table 4b).

F2 male development (body weight and age at preputial
separation) was unaffected by treatment, as was reproductive per-

Table 5a
Sexual development and necropsy data, F2 males

Number of male offspring/litters evaluated
Age at preputial separation (days, mean ± S.D.)
Weight at preputial separation (g, mean ± S.D.)
Male mating index (%)
Male fertility index (%)
Cohabitation days to positive mating (mean ± S.D.)
Relative weight: testis (% term. body weight, mean ± S.D.)
Relative weight: epididymis (% term. body weight, mean ± S.D.)
Relative weight: cauda epididymidis (% term. body weight, mean ± S.D.)
Relative weight: prostate (% term. body weight, mean ± S.D.)
Relative weight: seminal vesicles (% term. body weight, mean ± S.D.)

Macro/histopathology of testis
Reduced size/diffuse tubular degeneration; bilateral
Reduced size/no findings; bilateral

Macro/histopathology of epididymis
Reduced size/oligospermia (aspermia); bilateral
Reduced size/no findings; bilateral

*p ≤ 0.05; versus control.
0 2 2
0 1 1
0 0 1
Dose group (mg/(kg bw d))

0 4 100

50 47a 49b

108 ± 16 108 ± 15 109 ± 16
538 ± 122 577 ± 125 546 ± 114
1.5 ± 1.2 1.4 ± 0.9 3.8 ± 13.7c

1 0 2
86 ± 8.9 86 ± 7.5 83 ± 11.9
0/50 2/50 2/50

headless.

formance. Gestation and lactation parameters for the resulting F3
litters were not affected by treatment (Tables 3 and 5a). Mean body
weight-related testis and cauda epididymidis weights were 4–6%
lower than controls in both treated groups (p ≤ 0.05), however, fur-

Dose group (mg/(kg bw d))

0 4 100

50/46 50/46 50/45
41.5 ± 1.5 41.7 ± 1.6 41.2 ± 1.4
168 ± 12 170 ± 13 167 ± 12
100 98 100
94 94 94
2.4 ± 1.1 2.6 ± 1.1 2.6 ± 1.2
1.013 ± 0.092 0.953 ± 0.147* 0.97 ± 0.08*
0.307 ± 0.024 0.292 ± 0.041 0.296 ± 0.026
0.117 ± 0.011 0.111 ± 0.019* 0.112 ± 0.014*
0.328 ± 0.056 0.318 ± 0.05 0.321 ± 0.053
0.322 ± 0.056 0.309 ± 0.044 0.321 ± 0.053

0 1 0
0 1 0

0 1 0
0 0 1
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Table 5b
Sperm evaluation, F2 males

Sperm parameters, number evaluated
Testis spermatid count (M/g)
Cauda epididymidis sperm count (M/g)
% abnormal sperm
Number of animals with >4% abnormal sperm
% motility (mean ± S.D.)
Number of animals with sperm count <12 M/g testis or ≥90% abnormal morphology

a #489 did not have enough sperm for analysis.
b High variance due to #529 with 90% abnormal sperm, mainly head abnormaliti

ther weight deviations of epididymides, prostate or seminal vesicle
were missing for all test groups.

At necropsy, reduced size of testes only, as well as reduced
size of testes and epididymides were noted in a total of 1/50
F2 offspring at 4 mg/kg each; reduced size of epididymides was
noted 1/50 F2 offspring at 100 mg/kg (Table 5a). In 1/50 male
at 4 mg/kg the reduced size in testes/epididymides were corre-
lated to diffuse tubular degeneration in the testis, aspermia in

the epididymis, markedly reduced homogenization-resistant sper-
matid/sperm counts and infertility. The 1/50 male at 4 mg/kg with
apparently reduced size of testis only, had no histopathological
and spermatological correlate to the macroscopical finding and was
fertile. The 1/50 male at 100 mg/kg with reduced epididymis size
showed a normal histopathology and sperm count, but had 90%
abnormal sperm (mainly head abnormalities and headless) and
was, consequentially, infertile. None of the individual incidences
was statistically significantly different to control (Wilcoxon test,
one-sided).

Mean testis spermatid and epididymis sperm counts did not dif-
fer between groups. Mean % abnormal sperm also did not differ
statistically between groups. The variance of the 100 mg/kg group
was higher than the other groups, due to the one male with 90%
abnormal sperm (see above) (Table 5b).

F3 male pup development (body weight and age at preputial
separation) was unaffected by treatment (Tables 3 and 6a).
Mean organ weights did not differ between treated and control
groups.

At necropsy, reduced size of testes (partly with cystic degener-
ation) and epididymides were noted in a total of 1/50 F3 offspring

Table 6a
Sexual development and necropsy data, F3 males

Number of male offspring/litters evaluated
Age at preputial separation (days, mean ± S.D.)
Weight at preputial separation (g, mean ± S.D.)
Relative weight: testis (% term. body weight, mean ± S.D.)
Relative weight: epididymis (% term. body weight, mean ± S.D.)
Relative weight: cauda epididymidis (% term. body weight, mean ± S.D.)
Relative weight: prostate (% term. body weight, mean ± S.D.)
Relative weight: seminal vesicles (% term. body weight, mean ± S.D.)

Macro/histopathology of testis
Reduced size/diffuse tubular degeneration; bilateral
Reduced size/diffuse tubular degeneration; unilateral
Cystic degeneration/diffuse tubular degeneration; bilateral
Cystic degeneration/diffuse tubular degeneration; unilateral

Macro/histopathology of epididymis
Reduced size/oligospermia (aspermia); bilateral
Reduced size/oligospermia (aspermia); unilateral
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Dose group (mg/(kg bw d))

0 4 100

50 49a 50
115 ± 16 114 ± 18 114 ± 16
491 ± 100 505 ± 102 514 ± 123
1.2 ± 0.9 1.8 ± 2.2 3.1 ± 12.7b

0 3 2
82 ± 6.1 80 ± 8.4 80 ± 8.8
0/50 1/50 1/50

headless.

at 0 mg/kg, 3/50 F3 offspring at 4 mg/kg and 1/50 F3 offspring at
100 mg/kg (Table 6a). In all these animals the reported macroscop-
ical findings were correlated to diffuse tubular degeneration in the
testis and oligozoospermia/aspermia in the epididymis. Addition-
ally, in 3/50 males at 4 mg/kg and 1/50 males at 100 mg/kg markedly
reduced homogenization-resistant spermatid/sperm counts were
noted, along with abnormal sperm (90–100%, mainly head abnor-
malities or headless) in one male in each treatment group. In the

0 mg/kg male the tubular degeneration in the left testis and oligo-
zoospermia in the left epididymis was not accompanied by changes
in spermatid/sperm counts from the right testis/epididymis, but
with a slightly lower rate of motile sperm. None of the individ-
ual incidences was statistically significantly different to control
(Wilcoxon test, one-sided).

Mean testis spermatid and epididymis sperm counts did not
differ between groups. Mean % abnormal sperm also did not dif-
fer statistically between groups. The variance of both the 4 and
100 mg/kg groups was markedly higher than the other groups, due
to one male in each treatment group with ≥90% abnormal sperm
(see above) (Table 6b).

Apoptotic germ cell counts were lower in the F1, F2 and F3
offspring, derived from vinclozolin-exposed dams, compared to
concurrent controls. Apart from F3 males in the 4 mg/kg group,
these differences were statistically significant (Table 7). Also,
there appeared to be a successive decrease of apoptotic germ cell
counts in all groups including controls over the F1–F3 generations
(Table 8). All cross sections used for the quantitative analysis of
apoptotic cells had normal testis morphology. As positively labeled
apoptotic germ cells were mainly found in seminiferous tubule sec-

Dose group (mg/(kg bw d))

0 4 100

50/49 50/49 50/47
42.6 ± 1.8 42.3 ± 2.4 42.7 ± 1.7
181 ± 14 178 ± 12 182 ± 13
0.982 ± 0.073 0.956 ± 0.148 0.978 ± 0.129
0.289 ± 0.025 0.285 ± 0.038 0.291 ± 0.033
0.11 ± 0.011 0.108 ± 0.015 0.108 ± 0.014
0.267 ± 0.039 0.267 ± 0.043 0.262 ± 0.037
0.273 ± 0.039 0.277 ± 0.036 0.276 ± 0.042

0 2 1
0 0 0
0 1 0
1 0 0

0 3 1
1 0 0



358 S. Schneider et al. / Reproductive Toxicology 25 (2008) 352–360

Table 6b
Sperm evaluation, F3 males

Dose group (mg/(kg bw d))

0 4 100

Sperm parameters, number evaluated 50 50 50
Testis spermatid count (M/g) 118 ± 22 113 ± 34 119 ± 26
Cauda epididymidis sperm count (M/g) 628 ± 120 629 ± 200 695 ± 184
% abnormal sperm 3.5 ± 2.2 5.2 ± 13.5a 5.2 ± 13.8b

Number of animals with >4% abnormal sperm 19 16 12
% motility (mean ± S.D.) 88 ± 7.8 88 ± 6.4 86 ± 15.2b

Number of animals with sperm count <12 M/g testis or ≥90% abnormal morphology 1/50 3/50 1/50

a n = 48 because #780 and #791 had too few sperm for analysis; high variance due to #763 with 96% abnormal sperm, mainly headless.
b High variance due to #842 with 100% abnormal sperm, all headless and immobile (spermatid/sperm counts in this animal were very low, <100/g).

Table 7
Mean values of apoptotic germ cell counts in the testes, comparison between control and test groups

Dose group (mg/(kg bw d))

0 4 100

F1
Number evaluated 50 48 48
Apoptotic germ cell counts (mean ± S.D.) 45.4 ± 10.8 30.0 ± 10.0** 27.5 ± 7.0**
Maximum 81 62 45
Minimum 28 11 15

F2
Number evaluated 50 49 50
Apoptotic germ cell counts (mean ± S.D.) 30.9 ± 7.0 25.9 ± 4.8** 27.6 ± 5.9**
Maximum 49 44 43
Minimum 20 18 20

F3
Number evaluated 49 48 49
Apoptotic germ cell counts (mean ± S.D.) 16.7 ± 6.5 14.7 ± 6.2 7.1 ± 4.4**
Maximum 32 31 28
Minimum 7 5 1

**p ≤ 0.01 versus control.

ver 3

eratio

± 10.
Table 8
Mean values of apoptotic germ cell counts in the testes, comparison of the groups o

Gen

F1

0 mg/(kg bw d)
Number evaluated 50
Apoptotic germ cell counts (mean ± S.D.) 45.4
Maximum 81
Minimum 28
4 mg/(kg bw d)
Number evaluated 48
Apoptotic germ cell counts (mean ± S.D.) 30.0 ± 10.
Maximum 62
Minimum 11

100 mg/(kg bw d)
Number evaluated 48
Apoptotic germ cell counts (mean ± S.D.) 27.5 ± 7.0
Maximum 45
Minimum 15

**p ≤ 0.01 versus F1.

tions of spermatogenesis stages VI–XIV, a further differentiation for
counting was not carried out.

4. Discussion

The aim of the study reported here was to investigate a possi-
ble transgenerational effect of vinclozolin following oral exposure
as this is the relevant route for risk assessment. The selection of
oral administration limits in some aspects the comparability of
the results of this study with those reported by Anway et al. [13]
generations

n

F2 F3

50 49
8 30.9 ± 7.0** 16.7 ± 6.5**

49 32
20 7
49 48
0 25.9 ± 4.8** 14.7 ± 6.2**

44 31
18 5

50 49
27.6 ± 5.9 7.1 ± 4.4**
43 28
20 1

in which vinclozolin was administered following intraperitoneal
administration.

In the present study, vinclozolin administered to pregnant
dams from days 6–15 of gestation via oral gavage at dose
levels of 4 and 100 mg/(kg bw d) did neither affect spermato-
genesis nor development of the male reproductive tract in the
offspring of exposed animals over 3 generations. In addition
to being very low, the incidence of reproductive organ pathol-
ogy was virtually the same despite a 25-fold difference in
dose.
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Spermatogenesis was largely defective (affected pathology,
spermatology and fertility) in 4/100 F1, 1/100 F2 and 4/100 F3
vinclozolin-treated male offspring, and in 1/50 F3 untreated male
offspring. None of the individual incidences in any of the 3 gener-
ations was statistically significantly different to control (Wilcoxon
test, one-sided). We consider it unlikely that these individual find-
ings represent a consistent transgenerational effect of vinclozolin.

It is of interest to note that a dose of 100 mg/(kg bw d) (compara-
ble to a dietary administration of approximately 1000 ppm) when
administered throughout gestation (days 6–20) resulted in pro-
nounced effects in the offspring [2,4,5]. The lack of these findings
in the present study very clearly demonstrated that the window of
sensitivity for anti-androgenic effects on male reproductive tract in
the offspring of vinclozolin-treated dams is from days 16–20 of ges-
tation. These gestational days generally coincide with the onset of
androgen receptor expression during sexual differentiation, which
takes place at gestational day 15 or later in rat fetal reproductive
tissue [26,27].

The difference between [13] and the present study might be
related to the route of administration. Anway et al. [13] dosed
100 mg/(kg bw d) by the intraperitoneal (i.p.) route, which prob-
ably produced a different plasma peak pattern (most likely with a
higher plasma peak concentration and possibly also with an altered
pattern of metabolite formation) than the same dose by gavage in
the present study. As the anti-androgenic effects of vinclozolin will
depend both on the duration of the peak concentration (the time
in which testosterone cannot bind to the androgen receptor) and
metabolite formation (two metabolites of vinclozolin bind to the
androgen receptor, rather than the unchanged parent compound
[10]), the difference between oral and i.p. administration may have
played a significant role.

Studies with radiolabelled (14C uniformly ring labeled) vinclo-
zolin on the biokinetics of this compound following single dietary
and gavage administration showed that the systemic availability
were substantially similar following both routes of administration
[1]. At the high dose level used in the present study (100 mg/(kg
bw d)), studies on the 14C kinetics of this compound at the same
dose level show the following results: 5 days following a single oral
dose of vinclozolin (100 mg/(kg bw d)) urinary excretion accounted
for 48–54% (males and females, respectively) of the administered
radioactivity. Fecal elimination accounted for 49–40% of the
administered radioactivity. Approximately 1% of the dose was
retained in the body. However, a major part of the radioactivity
in the feces is derived from the bile as biliary excretion studies

demonstrated that 64–73% of the administered radioactivity was
found in the bile. Combining the fecal excretion (ca. 45% of the
dose) with the biliary excretion (ca. 70% of the dose) it can be
calculated that approximately 30% of the total dose was eliminated
through the bile. The values are in-line with a study in which
14C-vinclozolin (1 mg/(kg bw d)) was administered intravenously.
In this study 23% of the dose was eliminated through the bile
(http://www.inchem.org/documents/jmpr/jmpmono/v95pr18.htm).
Consequently, it can be concluded that the systemic availability of
vinclozolin following oral administration is quite high (approxi-
mately 80%). Assuming close to 100% bioavailability in the Anway
study (following i.p. administration), the differences between
both studies could be explained by several other factors affecting
the concentration at the site of action (i.e. in the uterus). The i.p.
administration could have induced high plasma peak levels (1), the
proximity of the uterus to the peritoneal cavity could have induced
high levels at the site of action (2), or reduced first pass effect due
to changes in the metabolic profile following i.p. administration
(3). In conclusion, the levels of active anti-androgens at the site of
action may have been different despite the fact that the dose level
given in both studies was 100 mg/(kg bw d).
xicology 25 (2008) 352–360 359

It should also be noted that the time of administration (ges-
tational days 6–15) is not considered to be a phase in which the
fetal rat is yet particularly sensitive towards anti-androgenic effects.
Thus, the dose level of 100 mg/(kg bw d) may be close to the limit of
inducing effects when administered during this particular period
and changes in the route of administration could have a profound
effect on the outcome of a study.

Anway et al. [13] reported that intraperitoneal 100 mg/(kg bw d)
was the lowest dose to produce reliable effects, intraperitoneal
50 mg/(kg bw d) produced “more variable” effects. In the present
study, an oral dose of 100 mg/(kg bw d) was not sufficiently high
to produce effects. In comparison with other studies using vin-
clozolin, the effect/no-observed adverse effect levels (NOAEL) of
both our and the Anway studies (100 mg/(kg bw d)) are much
higher than those seen with longer administration periods. The
lowest NOAEL for reproduction toxicity was seen in a 2-generation
reproduction toxicity study at 4.9 mg/(kg bw d). For subchronic
and chronic systemic toxicity in rats (the most sensitive species)
the NOAELs are approximately 4 mg/(kg bw d) and 1.4 mg/(kg
bw d), respectively. The acceptable daily intake value, as estab-
lished by WHO for vinclozolin, was set at 0–0.01 mg/(kg bw d).
Other agencies have used the same study to derive reference
values (EU, US-EPA) but have used different assessment factors.
The most conservative reference value was set by the US-EPA for
chronic dietary exposure at a value of 0.0012 mg/(kg bw d). The
chronic dietary exposure estimates for the USA expressed as a
percentage of the chronic reference dose were 4% for the general
population and 7% for the most highly exposed population sub-
group.

Anway et al. [13] also reported that vinclozolin increased the
number of apoptotic germ cells in testis in adult F1 and subse-
quent (untreated) F2–F4 generations of offspring. In contrast, in
the present study, testicular apoptosis was numerically reduced
in exposed F1 males and subsequent generations of untreated
offspring. However, taking the fluctuations of apoptotic cells in
control animals over time into account, we consider it unlikely
that this finding is test substance induced. Great care was taken
in the evaluation procedure for testicular apoptosis, all histotech-
nical procedures and countings follow strict standard operating
procedures, positive labeling is compared with the morphologic
features of apoptotic cell death, and all animals of all generations
were assessed within a narrow age frame (maximum difference 8
days), to reduce technical and age-related bias. Thus it is unlikely
that technical or procedural problems were causative for varying

control values in the different generations. The only caveat that
we have to make is that the TUNEL assay was used for a tissue
for which we have no previous experience. This adds to the uncer-
tainty of this apparent effect. In the Anway study, apoptosis rates in
controls were constant or marginally increased from F1 to F4 [13],
whereas there appeared to be a successive decrease in all groups
over the F1–F3 generations in the present study. A possible expla-
nation for the difference in direction of effect between Anway et
al. [13] and the present study is that testicular apoptosis rates are
age-related. Jeyaraj et al. [28] reported that testicular apoptosis is
age-dependent in the mouse, and also reported an age-dependent
effect in genetically androgen-deficient mice, which initially (up
to 60 days of age) have a higher apoptosis rate than wild-type
mice, but which subsequently (day 90–360) have a lower rate than
wild-type, whose rates after a peak at 30 days, steadily increase
(approximately double) from days 60–360 of age. Age at sacrifice
may therefore have a significant effect on both apoptosis rates and
treatment effects. It is not clear whether age at sacrifice was the
same in Anway et al. [13] as in the present study; Anway et al.
[13] reported age at sacrifice as “60–180 days”. In our study, age
at sacrifice was 127–134 days.

http://www.inchem.org/documents/jmpr/jmpmono/v95pr18.htm
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The different outcome of Anway et al. [13] and the present study
might be related to different susceptibilities of the rat strains used.
Accurate comparisons between the Sprague–Dawley strain used by
Anway et al. [13] and the Wistar strain used for our study have not
been performed with regard to transgenerational effects. However,
the sensitivity of different rat strains with respect to the anti-
androgenic effects of Vinclozolin was demonstrated by Hellwig et
al. [6].

In conclusion, no transgenerational effect on the male repro-
ductive system was found. Vinclozolin exposure in utero had no
statistically significant effect on reproduction in terms of sexual
maturity (age at preputial separation), time to mate, or mating and
fertility indices, either in in utero-exposed F1 offspring or in subse-
quent generations (F2 and F3). Spermatogenesis was not affected
by vinclozolin exposure in utero, as it was reported by Anway et al.
[13]. Neither histopathology nor quantification of apoptotic cells,
examined in the testes of F1–F3 generation males at an age of
approximately 130 days, revealed adverse effects of the test com-
pound. The average number of apoptotic germ cells was somewhat
lower in the offspring derived from vinclozolin-exposed dams,
and there appeared to be a successive decrease in all groups over
the F1–F3 generations. Spermatid/sperm count, sperm morphol-
ogy and sperm motility were not affected in F1–F3 generation male
offspring.

The NOAEL of vinclozolin in this study was >100 mg/(kg bw d).
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