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• Amphibian toxicity data and methods
are needed for pesticide risk assess-
ment.

• A new partial life-cycle assay using
Xenopus tropicalis was developed.

• Propiconazole exposure caused endo-
crine perturbations during sex differen-
tiation.

• Delayed effects on sperm maturation
and the liver were found at puberty.

• Propiconazole was shown to cause en-
docrine and adverse effects in
amphibians.
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Environmental pollutants and especially endocrine disrupting chemicals (EDCs) are implicated as one of the
drivers of the amphibian declines. To advance the understanding of the risks of EDCs to amphibians, methods
to determine endocrine-linked adverse effects are needed. The aims were to 1) develop a partial life-cycle
assaywith themodel frog Xenopus tropicalis to determine endocrine perturbation and adverse developmental ef-
fects, and 2) determine effects of propiconazole in this assay. Propiconazole is a pesticidewithmultiple endocrine
modes of action in vitro. Its potential endocrine activity and adverse effects in amphibians remain to be eluci-
dated. Tadpoles were exposed to 0, 33 and 384 μg propiconazole/L during critical developmental windows
until completedmetamorphosis. Atmetamorphosis, a sub-sample of animals was analysed for endpoints for dis-
ruption of estrogen/androgen (sex ratio, brain aromatase activity) and thyroid pathways (time to metamorpho-
sis). The remaining individuals were kept unexposed for 2 months post-metamorphosis to analyze effects on
sexual development including gonadal and Müllerian duct maturity and gametogenesis. At metamorphosis,
brain aromatase activity was significantly increased in the high-dose group compared to control. In both
propiconazole groups, an increased proportion of individuals reached metamorphosis faster than the mean
time for controls, suggesting a stimulatory effect on the thyroid system. At 2 months post-metamorphosis, testis
size, sperm and Müllerian duct maturity were reduced in the low-dose males, and the liver somatic index in
males was increased in both propiconazole groups, compared with controls. In conclusion, our results show
that propiconazole exposure caused endocrine perturbations and subsequent hepatic and reproductive effects
evident at puberty, indicating persistent disruption of metabolism and male reproductive function. Our findings
advance the development of methodology to determine endocrine and adverse effects of EDCs. Moreover, they
increase the understanding of endocrine perturbations and consequent risk of adverse effects of azoles in
amphibians.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Amphibians are disappearing at a faster rate than any other verte-
brate group, with 41% of species being threatened with extinction on a
global scale (Stuart et al., 2004; IUCN, 2020). Several studies point to en-
vironmental pollutants as a contributing factor behind the declines of
amphibian populations in agroecosystems although to which extent is
not clear (reviewed inMann et al., 2009). There are, for example, a num-
ber of laboratory studies showing that environmentally relevant con-
centrations of endocrine disrupting chemicals (EDCs), including
pesticides (Hayes et al., 2003; Orton et al., 2018) and pharmaceuticals
(Gyllenhammar et al., 2009a; Säfholm et al., 2014) used in agriculture,
can severely impair reproductive development and success in amphib-
ians (reviewed in Orton and Tyler, 2015; Trudeau et al., 2020).

Propiconazole is an azole compound commonly used in pesticides
and biocides. Several in vitro studies have shown that propiconazole
can inhibit the enzyme aromatase (CYP19, which catalyzes the biosyn-
thesis of estrogens from androgens), antagonize the androgen receptor
(AR), activate/block the estrogen receptor (ER), and inhibit testosterone
(T) and estradiol (E2) production (Aït-Aïssa et al., 2010; Kjærstad et al.,
2010; Kjeldsen et al., 2013; Kojima et al., 2004). In vivo, propiconazole is
a reproductive and hepatotoxicant in rodents and fish (reviewed in
Matthiessen et al., 2017; Rockett et al., 2006). However, the effects of
propiconazole exposure on amphibians have previously not been char-
acterized. Although this compound displays several endocrinemodes of
action (MoA) in vitro, its classification as an EDC has been debated due
to uncertainty in the determination of a causal association between the
MoA and adverse effects (ECHA/EFSA., 2018; Matthiessen et al., 2017).

Most amphibians, including the terrestrial species, have an aquatic
larval phase and may therefore be exposed to waterborne pollutants
during sensitive windows of development (i.e. sex determination, sex
differentiation and metamorphosis). The process of metamorphosis is
regulated by thyroid hormones (rewieved in Brown and Cai, 2007).
Sex determination is the initial event that determines whether the un-
differentiated gonads will develop as testes or ovaries. Sex differentia-
tion refers to the subsequent events that form either the male or
female sexual phenotype including the differentiation of the gonads, re-
productive ducts and the brain. Also these processes are dependent on
hormones and are therefore susceptible to impact by EDCs. The inte-
grated function of the hypothalamus–pituitary–gonadal (HPG) and
hypothalamus–pituitary–thyroidal (HPT) axes during critical windows
of sexual development is essential for proper sex organ development
(Hayes, 1998). Transient perturbation of such critical processes during
larval development can result in irreversible changes (e.g. in gameto-
genesis) ultimately leading to functional impairment such as infertility
in the adult frog (Gyllenhammar et al., 2009a; Kvarnryd et al., 2011;
Orton et al., 2018; Pettersson et al., 2006).

Here we conducted a partial life-cycle study with the model frog
Xenopus tropicalis to investigate effects of chronic developmental expo-
sure to propiconazole on endocrine activity and sexual development.
The study design involved larval exposure and analyses of endpoints
at two life-stages: at completed metamorphosis and at two months
post-metamorphosis (PM). In X. tropicalis sex determination occurs
around larval Nieuwkoop and Faber (NF) stage 51–53 and gonadal sex
differentiation between NF stage 55 and 59 (Takase and Iguchi, 2007).
The development of the Müllerian ducts (MDs, precursor organs of the
oviducts) starts at NF 64 (Jansson et al., 2016). During the first month
after metamorphosis, further development of the testis, ovary
(folliculogenesis) and MDs occur (Jansson et al., 2016; Säfholm et al.,
2016) however, the reproductive organ status at two months PM is
not characterized for this species.Male X. tropicalisbecome sexuallyma-
ture at approximately 3 months PM (Hirsch et al., 2002), but, the onset
of puberty, i.e. active spermatogenesis, is not fully elucidated. Females
reach sexual maturity at around 4.5 months PM (Hirsch et al., 2002).
During ontogeny, MDs are present in both males and females in most
vertebrates (except teleost fish). The ducts subsequently regress in
males under the control of the anti-Müllerian hormone (AMH). AMH
belongs to the transforming growth factor β (TGF β) gene family of
growth and differentiation factors and is required for proper develop-
ment of the reproductive organs in vertebrates (Josso et al., 2001).

The objectives of the present study were to 1) develop a partial life-
cycle assay with the model frog X. tropicalis for determination of endo-
crine effects as well as adverse effects on development, reproduction
andmetabolism following exposure during sensitive windows of devel-
opment i.e. sex determination, sex differentiation and metamorphosis,
and 2) use this assay to determine endocrine and adverse effects of
propiconazole. To test the hypothesis that propiconazole has the poten-
tial to induce adverse effects in amphibians via interaction with the es-
trogen, androgen, and/or thyroid pathways, endpoints relevant for
these interactions were analysed. The lower exposure level (33 μg/L)
represented peak concentrations that may occur in the environment
(Mortensen et al., 1998; Ministry of the Environment and Government
of Japan., 2004) while the higher exposure level (384 μg/L) was based
on propiconazole concentrations causing reproductive toxicity in fish
(Skolness et al., 2013).

2. Material and methods

2.1. Exposure and handling

X. tropicalis tadpoles were obtained from one mating pair of adults
(Xenopus1, Dexter, MI, USA) as described previously (Pettersson et al.,
2006). Tadpoles were exposed to propiconazole (CAS-number 60207-
90-01 Sigma–Aldrich, St. Louis, USA) from NF 47–48 (three days after
fertilization) until completed metamorphosis (NF 66, approximately
8 weeks after exposure start) (Berg, 2019). Exposure aquaria of 15 L
(Ferplast, Vicenza, Italy) were saturated with the test compound
7 days before the experiment started. Triplicate aquaria, initially con-
taining 65 larvae each, were used for all treatments. The mean mea-
sured propiconazole concentrations in the exposure aquaria were 0
(control), 33 (low) and 384 (high) μg/L (Supplementary Table A.1.).
Chemical analysis was performed on water samples taken before and
after water exchange at two time points during the exposure period in
each aquarium, for a total of 6 time points within each treatment. As a
solvent, acetone was used at the concentration 0.002% in all aquaria, in-
cluding controls. Exposure was undertaken using semi-static condi-
tions, using copper-free tap water with half of the water renewed five
days per week. At metamorphosis, exposure was discontinued and
frogs were held unexposed in flow-through aquaria (20 L) for two
months. The animals were maintained in copper-free tap water with a
12:12 h light:dark cycle. Temperature, pH, conductivity, oxygen satura-
tion, levels of nitrite and ammonia/ammoniumweremonitoredweekly.
The nitrite and ammonia/ammonium levels weremeasured using stan-
dard kits from Sera (Gibbon, Sweden). Tadpoles were fed Sera Micron
(Sera, Heinsberg, Germany) three times per day (weekends once).
After metamorphosis, Fish flakes (Sera, Heinsberg, Germany) and Trop-
ical Fishfood Excel (Aquatic Nature, Roeseler, Belgium) were gradually
added to the diet and Sera Micron was phased out. This study was ap-
proved by Uppsala Ethics Committee for Animal Care and Use.

2.2. Dissection and sampling

At completed metamorphosis (NF stage 66), a subset of 15
metamorphs per treatment was anesthetized in 0.3% tricaine (Sigma-
Aldrich, Saint-Louis, USA) (dissolved in sodium bicarbonate buffer,
pH 7) and killed by decapitation. Body weight and length (snout to
vent) were measured. The gonad-kidney complex was excised and
fixed in formaldehyde (4% in phosphate buffer) for histological sex de-
termination. The brain was excised, snap frozen in liquid nitrogen and
stored in −80 °C, for aromatase activity analysis.

At 2 months PM, juveniles were euthanized (control = 55, low =
47, high = 63) as described above. Body weight and length and liver
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weight were determined in all individuals. The liver somatic index (LSI)
was calculated as 100 × liver weight/body weight. Only animals with
sex confirmed by histologywere used for LSI calculations. A preliminary
sex determination was done, using a dissection microscope. Spheroid
shaped gonads located to the anterior half of the kidney were classified
as testis. Elongated gonads covering the whole length or major part of
the kidneys were classified as ovaries (Duellman and Trueb, 1994).
The gonad/kidney complex (containing kidneys, gonads and MDs)
was excised and put in formaldehyde (4% in phosphate buffer), for his-
tological analysis of gonads and MDs. The brain was snap frozen in liq-
uid nitrogen and stored at −80 °C, for analysis of aromatase activity.
The rest of the body was divided sagitally in two equal parts and frozen
at−80 °C for AMH and E2 measurements. All samplings and measure-
ments were performed without knowledge of which exposure group
the individual had been subjected to.
2.3. Histological processing

The gonad-kidney complex from themetamorphs (NF 66) and juve-
niles was dehydrated in increasing concentrations of ethanol and em-
bedded in hydroxyethenyl methacrylate (Leica Historesin, Germany)
to obtain ultra-thin sections (2 μm), thereby allowing for high-
resolution histological analysis. For the metamorphs, three transverse
sections were cut at one level of the tissue complex (at the anterior
part of the gonads) and stained with methylene blue (in disodium
tetraborate solution, 1%). For juveniles, the complex (containing kid-
neys, gonads andMDs)wasdivided by a transverse cut through the cen-
tre and embedded in two parts (Fig. 1). Transverse sections were cut at
every 300 μm throughout the whole complex, resulting in 14–23 sec-
tions depending on the size (Fig. 1) and stained with toluidine blue ac-
cording to Berg (2019) for analysis of the MD length. Sections from one
level at the centre of the gonad (Fig. 1)were stainedwith haematoxylin-
eosin for analysis of the MD and gonadal maturation.
2.4. Histological sex determination at metamorphosis

Gonads containing an ovarian cavity and oocytes were scored as
ovaries, and gonadswith spermatogonia and amedulla, lacking a cavity,
were scored as testes. All histological analyses were conducted by one
analyst using coded slides.
Fig. 1. Schematic illustration of the kidney-gonadal complex and the localization of the
histological section used for evaluating gonadal and Müllerian duct (MD, blue
structures) maturation (dotted line) in Xenopus tropicalis two months post
metamorphosis. The complex was divided (solid line) and imbedded in two parts. For
assessment of MD length, cross-sections were taken at every 300 μm throughout the
entire length of the complex, i.e. the two parts of the complex were sectioned from the
cranial/caudal parts towards the centre (arrows). G = gonads, K = kidneys. Adapted
from Jansson et al., 2016.
2.5. Histological evaluation of gonads and Müllerian ducts in juveniles

Gonadswith oocyteswere scored as ovaries, and gonadswith sperm
and seminiferous cords were scored as testes. In both females and
males, the length of the two MDs was determined by noting the dis-
tance between the first and last sections where the MDs are visible.
Both MDs were evaluated with regard to developmental stage (1–5)
using the criteria established by Jansson et al. (2016). The developmen-
tal stages were: “1 - a small rounded bulge of irregularly packedmesen-
chymal cells at the lateral side of the kidney, 2– a small bud protruding
from the kidney, 3 – a distinct structure attached to the lateral side of
the kidney, 4 – a distinct tubular structure without a cavity, and 5 – a
distinct tubular structure with a cavity lined by elongated epithelial
cells”. Both ducts were scored and measured individually and a mean
of both ducts were used for statistics. All histological analyses were con-
ducted by one analyst using coded slides.

Ovaries from 12 control, 18 low, and 14 high-dose females were
evaluated. Using the criteria established by Hausen and Riebesell
(1991), the oocytes were divided into two classes based on thematura-
tion stage. Class 1 consisted of immature germ cells: premeiotic oogonia
and oocytes in very earlymeiotic prophase (primary oogonia, secondary
oogonia, preleptotene oocytes, leptotene oocytes, pachytene oocytes
and early diplotene oocytes). Class 2 consisted of follicular, pre-
vitellogenic oocytes stage I and II.

In testicular sections from 13 control, 17 low and 14 high-dose
males, all seminiferous tubules were analysed by counting the sper-
matogonia, the nests of spermatocytes and spermatids, and by noting
the presence of spermatozoa in the lumen. The testis maturation stage
was determined by the most mature germ cell present; spermatogo-
nium, spermatocyte, spermatid or spermatozoon. The cross-section
area of both testes was measured in each individual (if applicable),
using the Analyze – Measure feature in ImageJ (National Institute of
Health, Bethesda, MD, USA), and presented as a mean of the two.

2.6. Aromatase activity

The aromatase activity in brain was measured using a tritiated
water-release method developed by Lephart and Simpson (1991) and
modified by Gyllenhammar et al., 2009b). In short, 1β-3[H] released
from isotope-labeled androstenedione upon aromatization is quantified
and related to the protein content of the sample and duration of the re-
action. The aromatase activity is expressed as fmol/h/mg protein. The
protein content of the homogenatewasmeasured using a BCA-kit (Nor-
dic Biolabs AB, Stockholm, Sweden) and the optical densities were read
with Wallac 1420 multilabel counter (Perkin Elmer).

2.7. Hormone measurements

To determine whole body concentrations of AMH (both sexes) and
E2 (females), the carcasses remaining after dissection (without the in-
testines) were homogenized (see Supplementary information). A
Microelisa Striplate 96 T kit for Xenopus MIS AMH and a E2 T96 ELISA
Kit (MyBioSource, San Diego, Califonia, USA) were used following the
instructions of the manufacturer. Standards, samples and blanks were
added in duplicates to each well. Before incubating the plate, horserad-
ish peroxidase-conjugate reagent was added. The plate was then
washed and chromogen solutions A and B were added to enable color
development. A stop-solutionwas added after incubation to stop the re-
action. The AMH concentration was measured spectrophotometrically
at 450 nm for 0.1 s in a VICTOR3 1420 Multilabel Plate Reader (Perkin
Elmer, Waltham, MA, USA).

2.8. Chemical analysis

The propiconazole analysis was performed by the Centre for chemi-
cal pesticides at the Department of Aquatic Sciences and Assessment,
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SwedishUniversity of Agricultural Sciences (SLU). The sampleswere di-
luted 1000 times and analysed using an automated on-line solid phase
extraction–liquid chromatography–tandem mass spectrometry (SPE–
LC–MS/MS) procedure, described by Jansson and Kreuger (2010).
Fig. 2. Proportion of X. tropicaliswith shorter time tometamorphosis compared to control
mean (47 days) after larval exposure to 0 (control), 33 (low) or 384 μg propiconazole/L
(high). *Significantly different from control (p < 0.05), Fisher's exact test. Number of
individuals (n) is shown within the parenthesis.
2.9. Statistics

The data for the treatment groups (control, low, high) were
compared using one-way ANOVA (followed by Tukey's Multiple Com-
parison Test) if the data passed the Shapiro-Wilk test, if not, the
Kruskal-Wallis test (followed by Dunn's Multiple Comparison Test)
was used. Frequencies were compared using Fisher's exact test. Cut-off
values for dichotomizing the data into frequencies were identified
based on the distribution of the data in the control group, i.e. either
the mean or smallest value. To compare the sexes with respect to MD
length the Mann-Whitney test was used. For all endpoints, data
representing all three replicate tanks were included in the analyses.
All statistical analyses were conducted using GraphPad Prism 5.0
(GraphPad Software, San Diego, CA, USA). Data was considered statisti-
cally significant if p < 0.05.
3. Results

3.1. Testing conditions, development, survival, and body measurements

No treatment-related increase inmortality rate (control: 41.5%, low:
55.4%, p=0.2534, high: 49.7%, p=0.2355, Fisher's exact test) or other
symptoms of adverse health such as reduced growth or behavioral
changes were observed (Table 1). The juvenile males in both
propiconazole groups had a significantly increased LSI compared to con-
trols (p= 0.0018, Kruskal-Wallis test and Dunn's Multiple Comparison
Test) (Table 1). For females, no significant difference in LSI between the
treatment groupswas seen (p=0.6384, Kruskal-Wallis test andDunn's
Multiple Comparison Test).

The mean time (±SD) to completed metamorphosis, NF-stage 66,
was 47 ± 9 days for the controls, 44 ± 6 days for the low and 44 ±
6 days for the high group. Compared to the mean time tometamorpho-
sis in the control group, therewas a significantly increasedproportion of
frogs, in both propiconazole groups, that reached metamorphosis in
shorter time (low: p = 0.0131, high: p = 0.0182, Fisher's exact test)
(Fig. 2).
3.2. Sex ratio

No differences between exposure groups in sex ratio were detected
(n=60–76 per group, low: p=0.3853, high: p=0.8698, Fisher's exact
test) (Supplementary Table A.3.).
Table 1
Body and liver measurements in X. tropicalis two months post-metamorphosis after larval exp
mean (SD).

Control

Male
(n = 29)

Female
(n = 26)

Male
(n =

Body weight (g) 2.6 (0.9) 2.3 (0.9) 2.3 (
Body length (cm) 2.8 (0.3) 2.7 (0.4) 2.6 (
LSI (%)a 2.4 (0.6)b 2.9 (0.9)c 3.1 (

a Liver somatic index; weight of liver/body weight ∗ 100.
b n = 19.
c n = 17.
d n = 21.
e n = 23.
⁎⁎ Significantly different from control p < 0.01 (Kruskal-Wallis test and Dunn's Multiple Com
3.3. Brain aromatase activity

At metamorphosis, the aromatase activity was significantly in-
creased in the high group compared with the control (p = 0.0053,
one-way ANOVA with Tukey's Multiple Comparison Test) (Fig. 3).
No significant difference between the treatment groups was seen at
the juvenile stage (males: p = 0.8790, females: p = 0.1354,
Kruskal-Wallis test and Dunn's Multiple Comparison Test) (Supple-
mentary Table A.4.).
3.4. Reproductive status in juveniles

3.4.1. Testes
The testes were composed of seminiferous tubuli with or without

a distinct lumen, surrounded by a basal membrane, and containing
germ cells. All but one control frog had testes with active spermato-
genesis and mature spermatozoa, indicating that they had reached
puberty (Supplementary Table A.5.). The testis maturity in the low-
dose group was reduced compared to controls (Fig. 4a). The smallest
testis in the control group was 194 mm2. There was a higher
frequency of testes with reduced size (≤194 mm2) in the low-dose
group compared to controls (low: p = 0.0417, high: p = 0.1647,
Fisher's exact test) (Fig. 4b).

3.4.2. Ovaries
The ovarian germ cell pool consisted of pre-follicular and pre-

vitellogenic, follicular oocytes. No difference between the treatment
groups with regard to the proportions of pre-follicular and follicular oo-
cytes was seen (p = 0.6995, one-way ANOVA and Tukey's Multiple
Comparison Test) (Supplementary Table A.6.).
osure to 0 (control), 33 (low) or 384 (high) μg propiconazole/L. The data are presented as

Low High

24)
Female
(n = 21)

Male
(n = 28)

Female
(n = 33)

0.8) 2.4 (0.5) 2.4 (0.6) 2.2 (0.7)
0.4) 2.7 (0.2) 2.7 (0.2) 2.6 (0.3)
0.9)d,⁎⁎ 2.9 (0.6) 3.0 (0.4)e,⁎⁎ 3.0 (0.7)e

parison Test).



Fig. 3. Aromatase activity in the brain from metamorphosed (NF 66) X. tropicalis after
larval exposure to 0 (control), 33 (low) or 384 μg/L (high) propiconazole. Each point
represents one individual. ⁎⁎significantly different from the control group p˂0.01 (one-
way ANOVA and Tukey's Multiple Comparison test). The number of individuals (n) is
shown within the parenthesis.
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3.4.3. Müllerian duct
Formales, therewas a higher frequency of immatureMDs (i.e.with a

score < 3) in the low-dose group compared to the controls (low: p =
0.0445, high: 0.1493, Fisher's exact test) (Table 2). Score 3 was defined
as the cut-off value for MDmaturity as this was the score for themajor-
ity of the control males. There was no difference between the treatment
groups regarding MD maturity in females (p = 0.1056, Kruskal-Wallis
test and Dunn's Multiple Comparison Test), nor was there any differ-
ence between the groups in MD length, in either sex except between
low and high females (males: p = 0.9543, Kruskal-Wallis test and
Dunn's Multiple Comparison Test; females: p = 0.0252, one-way
ANOVA and Tukey's Multiple Comparison Test). The MDs of females
were both longer and more mature than those of males independent
of exposure (length: control: p = 0.0005, low: p = 0.0005, high: p =
0.0011; maturity: control: p < 0.0001, low: p < 0.0001, high: not avail-
able, Mann Whitney test).
3.5. Hormone levels in juveniles

Both AMH and E2 were detected in whole-body homogenate of fe-
males, and AMH was detected in the males. No clear effect of
Fig. 4. Results of histological analysis of the testes of Xenopus tropicalis at two months post-me
during larval development. A) Testis maturation score (mean (SD)) based on the most matu
Spermatocyte, 3 Spermatid, 4 Spermatozoon. B) Proportion of males with a reduced test
⁎⁎Significantly different to control p < 0.01 (Kruskal-Wallis test with Dunn's Multiple Compa
The number of individuals (n) is shown within the parenthesis.
propiconazole treatment on the concentration of either hormone was
found (AMH females: p = 0.0580, AMH males: p = 0.5903; E2: p =
0.0942, Kruskal-Wallis test andDunn'sMultiple Comparison Test) (Sup-
plementary Table A.7.).
4. Discussion

The present research aimed to investigate endocrine activity and ad-
verse effects of the pesticide propiconazole. Using a partial life-cycle
protocol with the model species X. tropicalis we showed that
propiconazole exerted endocrine activity during a critical window of
sexual development, followed by impaired testis development and he-
patic effects evident at puberty, two months after the exposure was
discontinued, indicating persistent effects.

The findings of reduced testis size and impaired spermatogenesis in
the propiconazole-exposed juveniles are suggestive of a perturbed an-
drogen/estrogen signaling during sex differentiation and are in line
with the increased aromatase activity in the brain at metamorphosis.
This is in concordance with studies in zebrafish males and females, in
which increased brain CYP19 mRNA levels, decreased T concentration
and increased E2 concentration in plasmawere found following chronic
developmental exposure to 5 or 250 μg propiconazole/L (Teng et al.,
2020). A decrease in plasma Twas also seen in rats developmentally ex-
posed to 4 mg propiconazole/kg (Costa et al., 2015; Vieira et al., 2017).
The increase in aromatase activity may be a compensatory response to
inhibited estrogen production. Both T and E2 exert negative feedback
on the HPG axis by controlling secretion of gonadotropin-releasing hor-
mone and, in turn, the gonadotropins luteinizing hormone (LH) and
follicle-stimulating hormone (FSH). LH and FSH act on their receptors
in the gonads to induce gametogenesis and steroidogenesis. FSH in par-
ticular is considered a hormone of puberty, as rising FSH levels is asso-
ciated with follicular development and initiation of spermatogenesis.
Hence, the impaired testis and sperm development in the
propiconazole-exposed frogs at puberty is likely a consequence of the
elevated aromatase activity during a critical window of sex differentia-
tion. Impaired testicular development and poor sperm quality are asso-
ciated with exposure to anti-androgenic or estrogenic EDCs during
sexual differentiation in experimental rodents as well as in humans
(Cremonese et al., 2017; reviewed in WHO/UNEP, 2013; Weidner
et al., 1998). In amphibians, impaired sperm maturation and a subse-
quent decrease in fertility have been reported after larval exposure to
anti-androgenic as well as to estrogenic EDCs (Gyllenhammar et al.,
2009a; Orton et al., 2018). Hence, impaired spermatogenesis represents
tamorphosis following exposure to 0 (control), 33 (low) or 384 (high) μg propiconazole/L
re sperm stage found in a histological cross-section of the testis; 1 Spermatogonium, 2
is area (≤194 mm2). ⁎Significantly different to control p < 0.05 (Fisher's exact test),
rison Test). Data are presented as a mean of both left and right testis for each individual.



Table 2
Maturation stage and length ofMüllerian ducts in X. tropicalis at twomonths post-metamorphosis after larval exposure to 0 (control), 33 (low) or 384 (high) μg propiconazole/L. Data are
presented as mean (SD) value for both left and right ducts for each individual.

Control Low High

Male Female Male Female Male Female

Müllerian duct maturation (score no.)a 3.1 (0.5) 4.8 (0.5) 2.7 (0.6)⁎ 4.9 (0.3) 3.1 (0.3) 5.0 (0)
Müllerian duct score no. >3 4/16### 15/16 0/17### 21/21 1/20### 22/22
Müllerian duct length (mm) 2.8 (1.1)b,^^^¤ 4.9 (0.8)c 2.9 (1.2)d,^^^ 5.6 (0.7)b,¤ 2.8 (1.2)e,^^ 4.8 (0.7)f

a Score based on criteria by Jansson et al., 2016. “1 - a small rounded bulge of irregularly packedmesenchymal cells at the lateral side of the kidney, 2– a small bud protruding from the
kidney, 3 – a distinct structure attached to the lateral side of the kidney, 4 – a distinct tubular structurewithout a cavity, and 5 – a distinct tubular structurewith a cavity lined by elongated
epithelial cells”.

b n = 11.
c n = 13.
d n = 10.
e n = 12.
f n = 9.
⁎ Significantly different from corresponding control p < 0.05 (Kruskal-Wallis test with Dunn's Multiple Comparison Test).
### Significantly different from corresponding females p < 0.001 (Fisher's exact test).
^^ Significantly different from corresponding females p < 0.01 (MannWhitney test).
^^^ Significantly different from corresponding females p < 0.001 (MannWhitney test).
¤ Significantly different from corresponding high p < 0.05.
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an adverse outcome of developmental exposure to EDCs acting on sev-
eral targets in the HPG axis.

The reduced MD maturity in the low-dose males may be indica-
tive of an accelerated regression. The timing of MD regression in
male X. tropicalis is not fully understood but our previous studies
demonstrated that it starts betweenmetamorphosis and 4weeks PM
(Jansson et al., 2016; Säfholm et al., 2016). This is supported by the
present results demonstrating a sexual dimorphism in both maturity
and length of the MDs (more developed in females than in males) at
two months PM. Developmental exposure (until 2 months PM) to
prochloraz, another azole, caused an accelerated MD maturation in
both male and female X. laevis at 20, 60 and 180 μg/L (Haselman
et al., 2018). Hence, both azoles seem to target the development of
the MDs in amphibians possibly by interfering with aromatase activ-
ity and leading to perturbations in estrogen or AMH signaling
(Kuroda et al., 1991). In mammals, AMH is produced in the fetal
gonads and regulates gonadal steroidogenesis by repressing aroma-
tase biosynthesis (Vigier et al., 1989). In the present work whole-
body AMH and E2 concentration were measured only two months
after the exposure was discontinued, at which time no clear treat-
ment effects were observed. It cannot be excluded that the altered
aromatase activity at metamorphosis affected AMH signaling at
that timepoint. MD/oviduct development in amphibians has previ-
ously been shown to be sensitive to estrogenic and progestogenic
EDCs during the larval phase (Gyllenhammar et al., 2009a;
Kvarnryd et al., 2011; Pettersson et al., 2006). The present results
thereby add to the body of evidence showing that MD development
in amphibians is targeted by different types of EDCs
(Gyllenhammar et al., 2009a; Haselman et al., 2018; Kvarnryd
et al., 2011; Pettersson et al., 2006).

The changes underlying the increased LSI in the exposed males are
currently not understood. In mice and rats, adult exposure for 4 days
to 1.8 and 2.5 mg propiconazole/g feed, respectively, was shown to in-
crease hepatocyte proliferation (Allen et al., 2006; Wolf et al., 2006).
The propiconazole-induced hepatocyte proliferation was thought to
be an effect of increased cholesterol biosynthesis and inhibition of
CYP51 (Murphy et al., 2012). In contrast to our findings, a decreased
LSI paralleled by increases in reactive oxygen species, superoxide dis-
mutase concentrations and catalase activity in the liver were observed
in rainbow trout after 30 days exposure to 500 μg propiconazole/L (Li
et al., 2010). Other studies with fish found an induced vitellogenin pro-
duction, a biomarker for estrogenic activity, in male and female fish
after exposure to propiconazole (5 and 250 μg/L) and other azoles
(Kinnberg et al., 2007; Teng et al., 2020). As vitellogenin induction has
been connected to an increase in LSI (Mommsen and Walsh, 1988;
Olivereau and Olivereau, 1979), it cannot be excluded that increased
LSI seen in this study resulted from an estrogenic action of
propiconazole in the males.

The increased proportion of frogs, in both propiconazole groups, that
reached metamorphosis faster than the control suggests a stimulatory
effect on the thyroid system. In contrast, a study of propiconazole (5.6,
56 and 570 μg/L) using the amphibian metamorphosis assay with X.
laevis tadpoles did not report any changes in the thyroid histopathology
or developmental rate (Lee, 2012). In adult rats, propiconazole exposure
(0.1, 0.5 and 2.5 mg/g feed) was shown to reduce the concentrations of
thyroid hormones (T3 and T4) and thyroid stimulating hormone aswell
as thyroid cell proliferation in a non-monotonic dose-dependent way
after 4 and 30 days of treatment (Wolf et al., 2006). An in vitro study
using the GH3 cell proliferation assay confirmed propiconazole's ability
to interfere with thyroid hormone signaling by binding to the thyroid
receptor (TR) and antagonizing cell proliferation (Ghisari et al., 2015).
An in vivo study in X. laevis show that the TR, in absence of T3 (which
is the case in pre-metamorphic frogs), represses T3 dependent genes
(Buchholz et al., 2003). This suggests that a TR antagonist can activate
these genes thus have a stimulatory effect on metamorphosis. Other
azoles such as prochloraz have been shown to induce thyroid disruptive
effects in amphibians after larval exposure to 20–180 μg/L (Brande-
Lavridsen et al., 2008; Haselman et al., 2018). These studies support
thepresentfinding indicating that propiconazole has the ability to inter-
fere with the thyroid system, possibly by antagonizing the thyroid
receptor.

The multiple endocrine MoAs for propiconazole complicate the es-
tablishment of causal relationships between a specific MoA and the ad-
verse outcomes. In the present study, no effects of the propiconazole
exposure on sex ratio were detected, although this has proved to be a
sensitive endpoint for estrogenic and anti-androgenic activity in X.
tropicalis (Gyllenhammar et al., 2009a; Orton et al., 2018). A plausible
explanation might be that the dual ER and AR receptor interaction of
propiconazole counteracted estrogenic/anti-androgenic impact on the
sex hormone actions during the short window of sex determination
(NF 48–51). Furthermore, the dose-response relationships for the im-
pacts of propiconazole on reproductive maturation were non-
monotonic which is in agreement with studies in male rats showing
that exposure to propiconazole at 4 but not at 20 mg/kg/day caused a
decrease in plasma T levels and an increase in incidences of abnormal
sperm (Costa et al., 2015; Vieira et al., 2017). This type of dose-
response relationship is not uncommon for EDCs and may result from
dose-dependent MoAs, feedback-mediated compensatory responses
and crosstalk between endocrine systems. The HPG and HPT axes may
for instance interact via thyroid receptors which are expressed in
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gonadal cells involved in steroidogenesis and gametogenesis (Sertoli
cells, Leydig cells, and granulosa cells) during development (Duarte-
Guterman and Trudeau, 2011). This further highlights the complexity
of linking developmentally induced adverse outcomes to a specific en-
docrine MoA as they depend on dose, sex, the developmental window
during which exposure occurs and the life stage at which the outcome
is analysed.

At 2months PM themale control frogs had reached puberty, and the
testis andMDeffects inmaleswere themost sensitive endpoints for de-
velopmental reproductive toxicity. These impacts were identified at a
lower propiconazole exposure level compared with a life-cycle study
in fathead minnow in which adverse effects on reproduction (fecun-
dity) first occurred at 558 μg/L in females (Syngenta, 2014). Teleost
fish, which are commonly used as ecotoxicological test organisms are
lacking MDs. Hence, environmental risk assessment of EDCs based on
data from fish model species might not be adequately protective of
other vertebrates. X. tropicalis represents an excellent model to investi-
gate endocrine disruption and developmental toxicity for several rea-
sons. 1) The organization and components of the amphibian HPG axis
are very similar to those in higher vertebrates. 2) Compared with com-
monly used fishmodels, it allows amore complete and detailed analysis
of reproductive organ development. 3) Compared with its close relative
X. laevis used in the Larval Amphibian Growth and Development Assay
(LAGDA) (OECD, 2015), the developmental rate is faster which means
that more conclusive endpoints for disrupted sexual development
(e.g. impaired spermatogenesis) can be assessed at earlier timepoints.
However, a challenge for the potential usefulness of X. tropicalis in reg-
ulatory test guidelines is the lack of standardized husbandry guidelines
and that larval mortality rates are variable and often as high as in the
present study (Kvarnryd et al., 2011; Pettersson et al., 2006). New
knowledge on husbandry methods for X. tropicalis will help to address
this issue (McNamara et al., 2018). Nevertheless, as no treatment-
related increase in mortality rate nor other signs of adverse health ef-
fects such as reduced growth or behavioral changes were found, the
data suggest that the effects observed are specific and not indicative of
general toxicity. Hence, the present results demonstrate the usefulness
of a partial life-cycle assay with histology-based endpoints at
2 months PM in X. tropicalis to determine male developmental repro-
ductive toxicity in amphibians.

Azoles usually occur together with other azoles in the environment,
and thereby cause additive effects on aromatase inhibition (Beijer et al.,
2018; Berenzen et al., 2005; Kahle et al., 2008). Therefore, our low dose
does not only represent peak concentrations (24.2 and 53 μg/L) de-
tected in water (Mortensen et al., 1998; Ministry of the Environment
and Government of Japan., 2004), but likely also more common expo-
sure scenarios when the total concentration of azoles in the aquatic en-
vironment is considered. Hence, we consider the low propiconazole
concentration, 33 μg/L, to be environmentally relevant for amphibian
tadpole exposure to aromatase inhibitors in the aquatic environment.
Our findings therefore highlight the risk of reproductive toxicity in am-
phibians as a consequence of developmental exposure to azole pesti-
cides and other aromatase inhibitors.
5. Conclusions

The present study shows that propiconazole exerted endocrine ac-
tivity during a sensitive window of sexual development followed by
persistent reproductive and hepatic effects evident two months after
the exposure was discontinued in X. tropicalis. It is biologically plausible
that the observed adverse outcome is associated with an endocrine
MoA.Ourfindings highlight the risk ofmale reproductive toxicity in am-
phibians as a consequence of tadpole exposure to azole compounds and
demonstrate the usefulness of the present assay to determine endocrine
pathways and adverse developmental reproductive and metabolic
effects.
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