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Abstract 

 
While endocrine disrupting chemicals have become a serious concern in human and 

environmental toxicology, many of the methods used for investigating developmental 

toxicity require long exposure periods, and thus can be technically challenging, labour 

intensive and expensive. For example, the current standard method, the Larval 

Amphibian Growth and Development Assay (LAGDA) has an exposure period of 130 

days. With the intent of developing a shorter assay for investigating amphibian 

developmental toxicity, the aim of this study was to characterise effects of the anti-

androgenic model substance flutamide on reproductive development in the frog Xenopus 

tropicalis after a short 16-day post-metamorphosis exposure period using four dose 

groups: control (C), low (L), medium (M), and high (H) (0, 250, 500 and 1000 µg/L, 

nominal concentrations, n=58, 19, 39 and 36 respectively). Variations in body 

morphometry were used to compare C, L, M and H (for which there was no data available 

on sex ratios) and a random subsample of C (n=15) and H (n=15) individuals were 

analysed histologically for variation in germ cell maturity, gonadal cross sectional area, 

Müllerian Duct (MD) length and MD maturity. In addition to these endpoints, 

concentrations of the anti-Müllerian hormone (AMH), vitellogenin (VTG), oestradiol 

(E2) and testosterone (T) in the remainder of the body after dissection (normally 

discarded) for a subsample of C, M and H (N varying between 2 and 11 for AMH, VTG, 

E2 and T within the dose groups) were investigated with the objective of discovering 

whether these could be used as viable endpoints using commercially available ELISA kits. 

Due to random sampling there was an insufficient number of male H dose group 

individuals to allow for statistical analysis. In females, no significant differences in MD 

length, MD maturity and gonad size, were seen between the dose groups. No apparent 

differences in the proportion of mature germ cells in the testis were found, however 

females in the H dose group were found to have a significantly higher proportion of 

immature oocytes in the ovaries than C. The ELISA analysis was able to successfully 

detect AMH, VTG, E2 and T in all three dose groups. Some of the expected 

interrelationships between bodily AMH, VTG, E2 and T were observed in this study, 

whereas others were absent and others in direct opposition to prior research, suggesting 

this method shows promise but requires further study. While no conclusions cannot be 

drawn with regard to males from this study, effects attributable to flutamide can be 

detected in females during this dose period, and body homogenate ELISA shows promise 

for being a viable method but requires further research.  
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Introduction 
 

Endocrine disrupting chemicals (EDCs) have become of increasing concern in both human 

health and environmental toxicology in recent years, with many thousands of confirmed and 

suspected EDCs responsible for a myriad of toxic effects. While intentional exposure to EDCs 

(e.g. pharmaceuticals such as 17-ethinylestradiol) confer considerable benefits to individuals 

and to society, unintended exposure can cause serious damage to both human and 

environmental health. Of particular concern are EDCs which reduce reproductive efficacy. In 

the past 50 years human sperm count has suffered a 50% decline (Carlsen et al. 1992; Marques-

Pinto & Carvalho 2013) with EDCs being cited as a potential factor (Sharpe & Skakkebaek 

1993; Toppari et al. 1996; Gray et al. 1998). There are many known and suspected EDCs 

targeting tissues involved in reproduction, with various modes of action. One such mode of 

action is anti-androgenicity, i.e., inhibiting the effects of androgens such as testosterone (T). 

Chemicals which possess anti-androgenic properties, such as vinclozolin (a fungicide (Grey et 

al. 1994)) and flutamide (a pharmaceutical and model test compound (Labrie 1993)), are 

referred to as anti-androgens. 

 

The presence of known anti-androgens in the environment has been confirmed, and field 

investigations have found abnormalities consistent with anti-androgen exposure. McCoy et al. 

(2008) found a significant decrease in plasma T and an increase in gonadal and secondary 

sexual characteristic abnormalities in the Cane toad Bufo marinus in agricultural areas, likely 

leading to reduced reproductive capability, with anti-androgens cited as a potential cause. 

McDaniel et al. (2008) found an increase incidence in ovarian follicles in Rana pipens testis, 

but did not find clear evidence of estrogenic effects, thus cite this as likely the result of anti-

androgen exposure. In vivo laboratory investigations have shown effects from environmentally 

relevant concentrations, for example, vinclozolin caused significantly fewer mating calls in the 

frog Xenopus laevis after a 2.86 and 0.0286 ng/ml exposure for 4-days (Hoffmann & Kloas 

2010). 

 

An important model compound when performing anti-androgen studies is flutamide. Flutamide 

works by binding to the androgen receptor, blocking the action of exogenous and endogenous 

T. In the prostate, flutamide inhibits T stimulated DNA synthesis and uptake of androgens into 

the nucleus (Labrie 1993). Many physiological and behavioural abnormalities have also been 

attributed to flutamide in many species. In utero exposure to 50 mg flutamide/kg bw/day 

between gestational days 12 and 21 in rats caused nipple retention (McIntyre et al. 2001). 

Exposure to 50 mg/kg bw/day at post-natal days 2 and 3 caused demasculinised play behaviour 

in rats when analysed at post-natal days 36 and 37 (Hotchkiss et al. 2003). 7-day subcutaneous 

exposure to 50 mg/kg bw flutamide in utero at gestational days 83-89 and 101-107 lead to 

inhibited folliculogenesis in pig ovaries (Knapczyk-Stwora et al. 2013). The anti-androgenic 

effects of flutamide are also seen in humans, and it is utilised therapeutically in the treatment 

of androgen-dependent forms of prostate cancer (Goldspiel & Kohler 1990).  

 

Amphibians are a commonly used test group for research on EDCs due to their ease of 

husbandry and sensitivity to EDCs (Kloas et al. 1999; Berg 2019). de Gregorio et al. (2016) 

found in adult Rococo toad, Rhinella schneideri, that a 7-day exposure to 1 and 5 mg/kg 

flutamide caused significantly higher proportions of spermatocytes and spermatogonia, and a 

decrease in the proportion of spermatozoa and in testis cross-sectional area, indicating retarded 

gonadal maturation. In a study by Cevasco et al. (2008) on adult X. laevis, a 4-week exposure 

to 2.76 ng/ml found reduced testis size, with significant gonadal development disruption, with 

50% and 16.7% of males showing increased and decreased numbers of spermatogenic cell 
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nests respectively, and 41.7% and 12.5% of the females showing increased and decreased 

levels of atretic oocytes respectively. Behrends et al. (2010) found a decrease in the number of 

mating calls in adult male X. laevis exposed to 0.276 µg/ml and 2.76 ng/ml flutamide for 72 

hours. Orton et al. (2018) exposed Xenopus tropicalis during the tadpole stage until 

metamorphosis to 50 µg/l flutamide, and upon reaching sexual maturity found an increased 

proportion of spermatogonia in the testis, a significant negative effect on ovarian maturity, and 

thus reduced reproductive capacity, while also finding masculinisation of the nuptial pad, 

feminised sex ratios and higher T levels in the plasma. Wyk et al. (2003) also found negative 

effects on the nuptial pad and an increase in plasma T of adult X. laevis in response to 100 

µg/g/week after 17 and 28 days. 

 

This study is focussed on developmental effects of flutamide in the West African clawed frog, 

X. tropicalis. X. tropicalis is closely related to X. laevis, a commonly used model species, with 

comparable development stages (Fort et al. 2004a; Fort et al. 2004b; Mitsui et al. 2006). 

However, X. tropicalis possesses several advantages over X. laevis, with a short generation 

time (4-6 months) and time to metamorphosis (40-50 days) (Hirsch et al. 2002). The hormone 

system of X. tropicalis is highly sensitive to chemical interference, thus making it an ideal 

model organism for investigations of EDCs (Pettersson & Berg 2007; Gyllenhammar et al. 

2009; Berg et al. 2009; Säfholm et al. 2014). 

 

As with most vertebrates, X. tropicalis gonads form from the genital ridge, then differentiate 

and develop into adult testis or ovaries (Foote 1964). Unlike many other vertebrates, amphibian 

sex determination has both a genetic and an environmental influence, the mechanism for which 

is not fully understood (reviewed in Hayes 1998). In this study, the exposure period occurs 1.5-

2 months after metamorphosis, thus after gonadal differentiation and during the gonadal growth 

and maturation period (Säfholm et al. 2016) . By this stage the Müllerian duct (MD) has formed 

(Säfholm et al. 2016; Jansson et al. 2016). The MD is the structure which later either develops 

into the oviduct in females or regresses in males (Witschi 1971). Testis development starts with 

germ cells forming gonadocytes, which proliferate mitotically and develop into spermatogonia, 

of which there are several types. These then develop and undergo the first meiotic division, 

during which time they are termed primary spermatocytes, then undergo the second meiotic 

division, when they are termed secondary spermatocytes. These then develop into spermatids 

and finally to spermatozoa (Haczkiewicz et al. 2017). Ovarian development starts with the 

germ cells developing into oogonia, where they proliferate, then undergo meiosis. During the 

earlier stages of meiotic prophase, they are referred to as immature oocytes, with several 

subtypes denoting meiotic stage (e.g. leptotene oocytes for oocytes in the leptotene stage). As 

they enter the diplotene stage of prophase they are referred to as follicular oocytes, with stage 

1, 2 3 and 4 oocytes comprising the follicular development (Hausen & Riebesell 1991). 

 

During ovarian maturation, vitellogenin (VTG), the protein from which egg yolk is derived, is 

incorporated into stage 3 follicular oocytes, and is thus crucial in oocyte maturation (Palmer et 

al. 1998). VTG synthesis starts in the later stages of metamorphosis, and occurs in the liver, 

mediated by oestradiol (E2) (Knowland 1978), which is synthesised in the ovaries via 

aromatisation of T. This is also the case in fish, where VTG induction is used as the sole 

biomarker for exposure to estrogenic compounds in the OECD 21-day fish (TG230) assay 

(Hirakawa et al. 2012). 

 

The role of T in gonadal development and differentiation in amphibians is not clear, however 

T does not appear to be responsible for differentiation, as exogenous T does not masculinise X. 

laevis gonadal development (Witschi 1950; Chang & Witschi 1956; Gallien 1962), although 
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testicular grafts do have this effect (Mikamo & Witschi 1963). Instead, the anti-Müllerian 

hormone (AMH) is believed to play a critical role in masculinisation. AMH, secreted from the 

foetal Sertoli cells, induces regression of the MD in males (Josso et al. 1993), the exact timing 

for which in X. tropicalis is currently unknown. Piprek et al. (2013) found increased levels of 

AMH in differentiated X. laevis testis but not ovaries (exact age unspecified), which also 

implies that AMH plays a role in gonadal differentiation. This postulate is supported by Vigier 

et al. (1987), who showed that exposure to AMH in rat ovarian cell cultures developed teste-

specific features, such as seminiferous tubule-like structures. AMH has also been shown to 

induce ovarian production of T instead of E2 in sheep, rats and rabbits by inhibiting T 

aromatisation (Vigier et al. 1989). Additionally, the presence of significantly higher levels of 

AMH mRNA in X. tropicalis ovaries than in testis at 2 weeks post metamorphosis before 

declining suggests that AMH also has a separate function in early ovarian development, but 

what this function may be is currently unknown (Jansson et al. 2016). 

 

Currently, the only standardised assay by which chemicals are investigated for effects on 

reproductive organ development in amphibian models is the Larval Amphibian Growth and 

Development Assay (LAGDA). However, LAGDA is a long assay (minimum 130 days) and 

requires considerable resource input (OECD 2015). Thus, a faster and more efficient method 

is desirable. This study is a part of a broader project with the intent of developing a faster and 

more efficient amphibian assay. Therefore, in the present study X. tropicalis were exposed for 

16 days during the juvenile, pre-pubertal period at the age, starting at 2-3 weeks after 

metamorphosis. At this life stage the MDs and gonads are developing (Jansson et al. 2016), 

but the oocytes have not yet become vitellogenic (Sofie Svanholm, personal communication). 

During this period there is immature oocytes secrete AMH (Vigier et al. 1984), leading to a 

significantly higher level of AMH in ovaries than testis, although the reason for this is currently 

unknown in X. tropicalis (Jansson et al. 2016). 

 

This investigation is an exploratory study aiming to characterise effects of flutamide after a 

short-term exposure. The effects of 16 days exposure to flutamide during sex organ 

development in the early post-metamorphosis, pre-pubertal stage in juvenile X. tropicalis on 

body morphology, MD development and gonadal histology were analysed and compared with 

the data from the control group. The objective was to characterise changes that may be useful 

as endpoints for developmental reproductive toxicity. It was hypothesised that short-term 

flutamide exposure during this developmental period would lead to decreased maturation of 

ovaries and testes. The second objective of this investigation was to determine whether the 

AMH, VTG, E2 and T levels in the whole-body homogenate could be detected using 

commercially available kits and used as an endpoint in future analysis.  

 

 

Methods and Materials 
 

Exposure 

Exposure began at 2-3 weeks post-metamorphosis and lasted for 16 days ± 2 days. The four 

dose groups, control (C), low (L), medium (M) and high (H), were nominally exposed to 0, 

250, 500 and 1000 µg flutamide/L tank water respectively (solvent: acetone 0.0008%). The 

solvent was administered to the control in the same concentration as the dose groups. Flutamide 

(CAS: 13311-84-7) was sourced through Sigma-Aldrich Germany (European pharmacopoeia 

reference standard). The exposure was conducted under semi-static conditions, with half the 

water changed three times per week. The tanks held 17 to 25 juvenile frogs per tank, with 3, 1, 
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2 and 2 replicate tanks for C, L M and H respectively. The frogs were sacrificed at the end of 

the exposure period by sedation with 0.9% tricaine, followed by decapitation. 
 

Necropsy, body morphometrics and histological processing 

Prior to decapitation the hind leg length (LL), snout-vent length (SVL) and body weight (BW) 

were recorded for 152 individuals. The LL:SVL ratio, was calculated. During dissection the 

liver and fat bodies were removed and snap frozen with liquid nitrogen and stored at -80°C. 

The thyroid, right arm and kidney-gonad complex (KG) including the MDs were removed and 

preserved in buffered formaldehyde (4%). The carcass that remained was also frozen at -80°C. 

The KG complexes were transferred into 70% EtOH, dehydrated by immersion in 

incrementally higher EtOH concentrations, then embedded in histroesin (Leica, Berlin, 

Germany). Sectioning of the KG began at the cranial area, when the kidney became visible, 

with 2 µm thick sections taken at 100 µm increments until the kidney was no longer visible. 

 

Histological analysis 

Histological examination was performed via light microscopy on the KG complex of a subset 

of 30 randomly selected individuals (n=15 for C and n=15 for H) of unknown sex. The dose 

group was only revealed upon completion of data gathering to eliminate bias. The MDs were 

analysed using toluidine-blue-stained sections. The presence or absence of both the right and 

left MD was recorded for each section, with present being indicated by having an MD maturity 

stage of 2 or higher, according to the criteria set out by (Jansson et al. 2016) (see Figure 1). 

MD stage 1 was omitted, as it can be difficult to distinguish between stage 1 MD cells and 

other cell types at this development stage. The length of the MD was then calculated by 

multiplying the number of slides in which the MD was present by the distance between each 

section (100 µm). If the MD was discontinuous, i.e. had lengths of stage 2 and above separated 

by lengths of stage 1 or absent MD, the number of lengths of stage 2 or above was recorded 

and referred to as MD fragments. The maturity of the MD was determined at sections 3, 11 and 

Figure 1. Histomicrographs of a juvenile 5-6-week post-metamorphosis X. tropicalis Müllerian ducts (MD), 

indicating: A) Stage 1 MD, counted as not present in this study; B) Stage 2 MD; C) Stage 3 MD; D) Stage 4 

MD. MD stages were defined according to the criteria set out by Jansson et al. (2016).  
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20 according to the criteria of Jansson et al. (2016). If the MD could not be seen due to damage, 

the next section was used, and failing that, the previous. If both adjacent sections were damaged 

the MD maturity was not recorded.  

 

Gonadal histological analysis was performed on the central slide of the shortest gonad. This 

slide was chosen by recording the slides on which each gonad was visible during the MD 

processing, and the central slide of the shortest gonad chosen and stained with haematoxylin-

eosin. Photographs of these sections were taken using a Leitz DMREX. These photographs 

were then stitched using Hugin (d’Angelo 2018), and the image enhancement and analysis was 

performed using ImageJ (Rasband 2019). Comparison between the original section and the 

enhanced images was performed to ensure accuracy. 

 

The histology of the testes was analysed by counting gonadocytes, pale spermatogonial stem 

cells (pSSCs), dark spermatogonial stem cells (dSSCs) and secondary spermatogonia nests 

(sSPG), using criteria according to Haczkiewicz et al. (2017) (see Figure 2A). Gonadocytes 

and pSSCs are extremely similar, requiring electron microscopy to differentiate. In this analysis 

only light optical microscopy was available, so gonadocytes and pSSCs were counted as one 

group. In addition, the most mature germ cell stage was recorded for each testis, but the number 

was not counted. In ovaries the immature oocytes were counted as one group, and the follicular 

oocytes; stage 1 and stage 2 oocytes, were counted separately, distinguished via the criteria 

established by Hausen & Riebesell (1991). The decision to assign stage 1 or 2 was based on 

the condition of the Balbiani body; if it was clearly defined and round it was determined to be 

stage 1, and if undergoing degradation, stage 2. If it was not clear whether an oocyte was stage 

1 or 2, surrounding sections were used to aid in the identification. If the development stage of 

an oocyte could still not be reliably determined it was recorded as an unidentified oocyte (see 

Figure 2B). Additionally, the cross-sectional area was determined in both testes and ovaries 

and the number of germ cells at the maturation stages described above per unit area was 

calculated. 

Figure 2. Histomicrographs of a juvenile 5-6-week post-metamorphosis X. tropicalis:  

A) testis, indicating: a – pale spermatogonial stem cells (pSSC); b – dark spermatogonial stem cells (dSSC); c 

– secondary spermatogonia nests (sSPG); d – most mature cell present, spermatozoa in this case (Haczkiewicz 

et al. 2017). B) ovary, indicating: 1 – Immature oocytes (Leptotene, pachytene, early diplotene); 2 – Stage 1 

oocyte; 3 – Stage 2 oocyte; 4 – Unknown stage oocyte (Hausen & Riebesell. 1991). The example individual 

shown in A was in the male control dose group and that shown in B was in the female high dose group. 
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Hormone and VTG analysis 

The hormone analysis was performed with a different but overlapping subsample consisting of 

some individuals from the histological analysis, but also some from the M dose group (N 

varying between 10 and 14). The sex was not known for all these individuals. The remaining 

carcass after dissection was used for the hormone and VTG analysis. The body was pulverised 

with a mortar and pestle (kept frozen with liquid nitrogen), then placed in PBS buffer (NaCL 

– 8.0 g/L, KCL – 0.2 g/L, Na2HPO4 – 1.42 g/L, KH2PO4 – 0.24 g/L, with a pH of 7.4) with a 

ratio of 100 l per 10 mg tissue, then further homogenized with a Ultra-Turrax T8 homogeniser 

and sonication. The supernatant was then centrifuged at 1000 g for 15 minutes at 4°C and 

stored at -80°C.  

 

Analysis of the supernatant was performed using commercial ELISA kits from MyBioSource 

and performed according to manufacturer instructions. AMH and VTG were analysed using 

the sandwich ELISA kits MBS108916 and MBS108883 respectively, which are specific to 

Xenopus. E2 and T were analysed using the competitive ELISA kits MBS2515911 and 

MBS2516160 respectively, which are not specific to any taxonomic group. In both sandwich 

and competitive ELISAs the target substrate forms a conjugate with the enzyme horseradish 

peroxidase (HRP) by using antibodies specific to the target substrate, which is then bound to 

the base of the ELISA plate by a capture antibody. HRP induces a change in the colour of the 

solution once two reagents are added (the exact identities of which are a trade secret). As 

unbound HRP is removed, the degree of colour change is proportional to the amount of HRP 

present, and therefore proportional to the concentration of substrate. The difference between a 

sandwich and competitive ELISA is method by which the substrate-HRP conjugate is formed. 

In a sandwich ELISA the substrate first binds to the capture antibody, then the primary 

detection antibody binds to the substrate, which the secondary detection antibody (which is 

conjugated with HRP) then binds to, forming the substrate-HRP conjugate. In a competitive 

ELISA the substrate binds directly to the substrate-specific antibody, which is conjugated with 

HRP, and then the substrate-HRP conjugate binds to a capture antibody. The concentrations in 

the tissue samples are determined by comparing the absorbance value with a standard curve 

constructed using standard solutions of known concentrations. These standards were treated in 

the same manner as the samples. Any values that fell outside the standard curve were omitted. 

All photospectroscopy was performed at 450 nm.  

 

Statistical analysis 

Statistical analysis was performed using R (R Core Team 2019) and Graphpad Prism 5 

(Motulsky 2007). Shapiro-Wilk tests were performed to determine normality, however most of 

the data was not normally distributed, so non-parametric tests were used. The necropsy data 

were analysed using Mann-Whitney-U. All histology data gathering was performed on both 

right and left sides, and then a mean calculated for each individual. Fishers Exact Test was 

used to determine whether there was a significant difference in the ratio between immature and 

follicular oocytes in females. All other histological analysis was performed using general linear 

model analysis, followed by Kruskal-Wallis non-parametric tests with Dunn’s post hoc. Due 

to random selection of individuals for the histological analyses the H group contained only 3 

males, and thus was unsuitable for group comparison of male histological data. ELISA results 

analysis was performed using a general linear model analysis and Kruskal-Wallis with Dunn’s 

post-hoc tests. Analysis of interrelationships between ELISA values and histology was 

performed using a general linear model, with the dose groups pooled. 
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Results 
 

Mortality 

During the course of the exposure the mortality of individuals in the C dose group was three, 

two in L, one in M and one in H. 

 

Body morphometrics  

The results showed that the H dose group individuals had a significantly higher BW, SVL and 

LL than the C, L and M dose groups, but there was no significantly difference in the LL:SVL 

ratio (see Table 1). 

 

 
Table 1. Mean BW (body weight), snout-ventral length (SVL), hind leg length (LL) and the LL:SVL ratio in 5-

6-week post-metamorphosis X. tropicalis after 16±2-day semi-static exposure to 250, 500, 1000 µg flutamide/L 

(low, medium and high, respectively) or vehicle (control). 

Dose n 

BW (g)  SVL (cm) LL (cm) LL:SVL 

Mean SD Mean SD Mean SD Mean SD 

Control 58 0.62 0.20 1.67 0.23 1.42 0.21 0.86 0.11 

Low 19 0.56 0.17 1.58 0.24 1.30 b 0.20 0.83 0.13 

Medium 39 0.58 0.19 1.65 0.21 1.36 0.19 0.83 0.10 

High 36 0.74 a 0.25 1.82 a 0.24 1.53 a 0.21 0.84 0.10 

a significant difference observed (p<0.05) compared to all other dose groups, see Appendix 1 for details. 
b significant difference observed (p<0.05) compared to control, see Appendix 1 for details. 

 

 

Histology 

There was a significant difference between C and H in the proportions of mature and premature 

germ cells in ovaries (see Figure 3). No significant differences were found between C and H 

in female MD development, MD length, number of MD fragments and gonad area (see Table 

2). The small male sample size precluded statistical analysis, but spermatozoa, the most mature 

developmental form of male germ cell (Haczkiewicz et al. 2017), were present in both C and 

H testes. 
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Figure 3. Histomorphometric data on the proportions of immature and follicular oocytes in 5-6-week post-

metamorphosis X. tropicalis ovaries after 16±2-day semi-static exposure to vehicle, (control, n=6) or high dose 

(1000 µg flutamide/L, n=13), showing the significantly higher proportion of premature cells in the high dose 

group (p=0.0003). Germ cell stage was determined using the criteria defined by Hausen & Riebesell (1991). 
 

 
Table 2. Histomorphometric data on Müllerian duct (MD) maturity, MD length, number of MD fragments and 

gonad cross-sectional area (mm2) in 5-6-week post-metamorphosis X. tropicalis after 16±2-day semi-static 

exposure to 1000 µg flutamide/L (High (H)) or vehicle (Control (C)).  

Sex Dose n 

MD Maturitya MD Length (µm)b N MD fragments Gonad area (mm2) 

Mean SD Mean SD Mean SD Mean SD 

F 

H 13 2.73 0.96 1936 583.7 1.35 0.80 0.098 0.089 

C 6 2.74 0.47 2136 569.2 1.14 0.36 0.109 0.090 

M 

H 3 2.36 0.37 1375 50.0 1.00 0.00 0.027 0.016 

C 7 2.01 0.39 2071 312.4 2.21 1.31 0.037 0.017 

a MD maturity was evaluated according to criteria set out by (Jansson et al. 2016). 
b MD length was determined by the number of sections in which the MD was present and multiplying by 

the distance between sections (100 m). 

 

 

Interrelationships between germ cell development and levels of hormones and VTG 

Significant positive correlations were observed in males between AMH and the number of 

pSSC and dSSC per unit area respectively (see Figure 4A, B) and between E2 and the 

proportion dSSC (see Figure 4C). Significant negative relationships were seen between T and 

the proportions of pSSC and dSSC, with a significant positive correlation also seen for sSPG 

and T (see Figure 4D, E, F). A slight significant positive correlation was observed between 

VTG and oocyte maturity in females (Figure 5). All mean values are shown in Tables 3 and 4 

for males and females respectively.

** 
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Figure 4. Significant linear correlations between the number of male germ cells per testicular unit area and whole-body homogenate concentrations of anti-Müllerian hormone 

(AMH), testosterone (T) and oestradiol (E2) in 5-6-week post-metamorphosis X. tropicalis after 16±2-day semi-static exposure to 0 (control) or 1000 µg flutamide/L (high 

dose). The values for the two groups were combined for this analysis. A) Pale spermatogonial stem cells (pSSC) per m2 and AMH (p=0.0329, R2=0.6307); B) dark 

spermatogonial stem cells (dSSC) per m2 and AMH (p=0.0094, R2=0.7702); C) dSSC and E2 (p=0.0354, R2=0.4912); D) pSSC and T (p=0.0162, R2=0.7994); E) dSSC and 

T (p=0.0128, R2=0.8211); F) secondary spermatogonia nests (sSPG) per m2 and T (p=0.0260, R2=0.7489). Germ cell stage was determined using the criteria defined by 

(Haczkiewicz et al. 2017). 

A B C 

D E F 
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Figure 5. Significant linear correlation (p=0.0278, R2=0.2679) between proportion of follicular oocytes per unit 

cross sectional area and whole-body homogenate concentrations of vitellogenin (VTG) in 5-6-week post-

metamorphosis X. tropicalis after 16±2-day semi-static exposure to 0 (control) or 1000 µg flutamide/L (high 

dose). The values for the two groups were combined for this analysis. Germ cell stage was determined using the 

criteria defined by Hausen & Riebesell (1991). 

 

 
Table 3. Histomorphometric results on the number of pale spermatogonial stem cells (pSSC), dark spermatogonial 

stem cells (dSSC) and secondary spermatogonia nests (sSPG) per unit testicular cross-sectional area (mm2) in 5-

6-week post-metamorphosis X. tropicalis after 16±2-day semi-static exposure to 0 (control) and 1000 µg 

flutamide/L (high).  

Dose n 

pSSCa/mm2 dSSCa/mm2 sSPGa/mm2 
Ratio 

pSSC:dSSC 
Mean SD Mean SD Mean SD 

High 3 285.41 247.78 604.43 499.27 24.31 38.78 0.33 

Control 7 409.24 366.54 529.97 472.42 61.97 103.20 0.45 

a Germ cell stage was determined using the criteria defined by (Haczkiewicz et al. 2017). 

 

 
Table 4. Histomorphometric results on the number of immature and follicular (stage 1, stage 2 and unknown 

stage) oocytes per unit area (mm2) in 5-6-week post-metamorphosis X. tropicalis female ovaries after 16±2-day 

semi-static exposure to 0 (control) or 1000 µg flutamide/L (high). 

Dose n 

Immature 

oocytea/mm2 

Follicular oocyte stage/mm2 

1a 2a Unknowna 

Mean SD Mean SD Mean SD Mean SD 

High 13 281.7 288.3 71.0 75.5 136.7 101.5 114.1 107.7 

Control 6 158.0 199.5 67.7 71.4 182.9 115.1 141.7 94.8 

a Germ cell stage was determined using the criteria defined by Hausen & Riebesell (1991). 
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Levels of VTG and hormones 

VTG was also found to be significantly higher in M compared to both C and H (see Figure 6), 

with no significant difference between C and H when the sexes were pooled (see Table 5 for 

mean values). There were no significant differences between C and H in any hormone level 

when accounting for sex (see Table 6 for mean values). Correlation analysis showed VTG had 

a significant positive linear relationship to AMH and negative linear relationship to E2 (see 

Figure 7A, B) when sex was not accounted for. When the sexes were analysed separately no 

hormone combination possessed a significant relationship in females, however in males AMH 

and E2 had significant negative correlations with T (see Figure 8A, B). 

 

 

Figure 6. VTG levels in 5-6-week post-metamorphosis X. tropicalis body homogenate after 16±2-day semi-static 

exposure to 0, 500 or 1000 µg flutamide/L (Control, Medium and High respectively) with data from both sexes 

pooled. M was significantly higher than Control and High (p=0.0020 and p=0.0006 respectively). 
 

 

 
Table 5. Mean concentrations of anti-Müllerian hormone (AMH), vitellogenin (VTG), oestradiol (E2) and 

testosterone (T) in 5-6-week post-metamorphosis X. tropicalis body homogenate with both sexes combined after 

16±2-day semi-static exposure to 0, 500 or 1000 µg flutamide/L (Control, Medium and High respectively). 

Dose 

AMH (ng/ml) VTG (µg/ml) E2 (pg/ml) T (pg/ml) 

Mean SD n Mean SD n Mean SD n Mean SD n 

Control 2.90 0.415 10 282.3 34.4 14 244.4 88.9 14 12.64 6.64 12 

Medium 3.25 0.287 10 323.3 24.5 13 191.5 63.2 13 17.82 13.52 12 

High 2.90 0.635 11 276.6 24.0 14 208.1 85.4 14 17.09 13.31 11 

 

 
 

** 
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Table 6. Mean concentrations of anti-Müllerian hormone (AMH), vitellogenin (VTG), oestradiol (E2) and 

testosterone (T) in 5-6-week post-metamorphosis X. tropicalis male and female body homogenate after 16±2-day 

semi-static exposure to 0 (control) or 1000 µg flutamide/L (high). 

Sex 
Dos

e 

AMH (ng/ml) VTG (µg/ml) E2 (pg/ml) T (pg/ml) 

Mean SD n Mean SD n Mean SD n Mean SD n 

F 

H 2.84 0.65 9 201.2 48.5 11 276.2 17.8 11 18.30 14.05 9 

C 3.00 0.27 5 243.6 68.3 8 289.1 31.7 8 12.20 6.90 8 

M 
H 3.18 0.42 2 233.6 164.5 3 278.4 40.8 3 11.66 3.87 2 

C 2.81 0.50 5 245.5 111.0 6 273.2 35.6 6 13.53 5.96 4 

 

 

 

Figure 7. Correlations between whole-body homogenate concentrations of vitellogenin (VTG) and A) anti-

Müllerian hormone (AMH), showing significant positive correlation (p=0.0132, R2=0.1938); B) oestradiol (E2), 

showing significant negative correlation (p=0.0254, R2=0.1217), in 5-6-week post-metamorphosis X. tropicalis 

after 16±2-day semi-static exposure to 0, 500 and 1000 µg flutamide/L. Sex and doses were pooled for this 

analysis. 
 

 
 

 

A B 
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Figure 8. Significant negative correlations between whole-body homogenate concentrations of testosterone (T) 

and A) anti-Müllerian hormone (AMH) (p=0.0499 , R2=0.6586); B) oestradiol (E2) (p=0.0088 , R2=0.8507), in 

5-6-week post-metamorphosis X. tropicalis males after 16±2-day semi-static exposure to 0 or 1000 µg 

flutamide/L, with dose groups pooled for this analysis. 

 

 

Discussion  
 

The first objective of this study was to determine whether anti-androgenic effects attributable 

to flutamide could be seen at this short exposure in this developmental period. In females, the 

H flutamide dose group showed a significant reduction in the proportion of follicular oocytes. 

This was the only expected relationship that showed a significant difference. A comparable 

effect has been observed in pigs, with 50 mg/kg bw flutamide exposure in the later foetal stages 

(two exposure groups, one at gestational day (GD) 83 to 89 and one at GD101 to 107) which 

lead to inhibition of folliculogenesis in foetal oocytes (Knapczyk-Stwora et al. 2013). This was 

attributed to flutamide interfering with both the Kit Ligand and its receptor c-Kit receptor, and 

the insulin-like growth factor IGF1 and its cognate receptor IGF1R. These pathways are 

thought to be have a role in triggering primordial follicle activation and are regulated by 

androgens (Vendola et al. 1999; Shiina et al. 2006). With both these critical early activation 

pathways responding to androgen exposure, reduced T availability as a result of flutamide 

exposure would reduce the activity of these pathways and thereby blocking follicle formation, 

resulting in an increased proportion of immature oocytes (Knapczyk-Stwora et al. 2013). 

Additionally, 50 mg/kg bw flutamide treatment in pigs was found to affect AMH mRNA 

expression differently at different exposure periods, decreasing at GD90, but increasing at 

GD108 (Knapczyk-Stwora et al. 2014). AMH acts to inhibit primordial follicle activation 

(Durlinger et al. 2002), however it appears to act only at specific periods (around GD108 in 

pigs), thus the increased AMH mRNA at GD90 is inconsequential (Knapczyk-Stwora et al. 

2014). Thus, the increase of AMH mRNA at GD108 caused by flutamide exposure led to 

inhibition of primordial follicle activation (Knapczyk-Stwora et al. 2014). Interestingly, there 

was no significant difference in the size of the ovary due to treatment in the present study. This 

finding in combination with the increase in immature oocytes suggests that flutamide does not 

inhibit the proliferation of immature oocytes, but only the activation of these to form follicular 

oocytes.  

 

A B 
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No significant differences were seen in the length, maturity or number of fragments in the MD 

between the C and H dose in females, suggesting that flutamide does not have a significant 

effect on MD development at this stage. The H dose group had significantly larger BW, LL 

and SVL, but there was no significant difference in LL:SVL ratio. Thus, the H dose individuals 

got both heavier and longer with longer legs, suggesting they had not grown disproportionately. 

The growth data and the lack of mortality over the experimental period suggest that the 

likelihood of systemic toxicity is low. 

 

Flutamide exposure is known to reduce adult testis size (Cevasco et al. 2008) and increase the 

proportion of spermatogonia in adult testes (suggesting negative interference in testicular 

development) in amphibians (Orton et al. 2018). Unfortunately, the small number of H dose 

males in the randomly selected subsample for the histological evaluation in the present study 

meant no statistically significant conclusions could be drawn. There were however some 

potentially interesting trends in the data e.g. the testis area and pSSC:dSSC ratio which were 

26.7% and 25.4% lower in the H males than C males respectively, which is consistent with the 

findings of Cevasco et al. (2008) and Orton et al. (2018). The mean maturity of the MD in the 

H males increased by 14.7%, which would be expected from inhibition of AMH, but the length 

decreased by 33.6%, which would not be (Witshci 1971). 

 

The second objective of this study was to determine whether commercial ELISA kits could 

detect AMH, VTG, E2 and T in whole body homogenate. Use of whole-body homogenate for 

protein and hormone analysis is a reasonably common practice in fish, particularly in small 

individuals, such as small species or early life stages. de Jesus & Hirano (1992) used whole 

body homogenate of Chum salmon (Oncorhynchus keta) to measure cortisol, triiodothyronine 

(T3), thyroxine (T4), E2 and T hormone levels, with Yeh et al. (2013) using larval zebrafish 

(Danio rerio) whole body homogenate in the development of a new cortisol assay. Whole body 

homogenate has also been used to measure VTG levels in Chub (Squalius cephalus) (Žlábek 

et al. 2009) and AMH, E2 and T in zebrafish (Chen et al. 2016). The whole-body homogenate 

has been used in frogs too, although less commonly. Belden et al. (2003) used the body 

homogenate of Cascades Frog tadpoles (Rana cascadae) to measure for differences in 

corticosterone in response to UV treatment and Hersikorn & Smits (2011) also used tadpole 

body homogenate from Wood frog (Lithobates sylvaticus) to compare T3 and T4 between 

different habitats. Simon et al. (2002) measured the levels of T3, T4 and various progenitors 

in the body homogenate of adult zebra fish and two juvenile stages of X. laevis. X. laevis whole 

body homogenate at various developmental stages was also used by Yamamoto (1964) when 

investigating variations in T4 concentrations throughout growth and metamorphosis. Of these, 

only Žlábek et al. (2009) and Hersikorn & Smits (2011) used commercially available ELISA 

kits, with Yeh et al. (2013) making their own, and the others using other methods. This appears 

to be the first study that uses X. tropicalis whole body homogenate for protein or hormone 

analysis.  

 

This study shows that AMH, E2 and T hormone and VTG protein levels in X. tropicalis at this 

life stage are measurable with commercially available ELISA kits, although the T levels were 

close to the lower limit, with many data points having to be omitted. However, the relationships 

observed show the limitations of this method for certain analyses. For example, when sex was 

not taken into account E2 and VTG were negatively correlated, and when females were 

analysed alone no significant relationship was seen. As VTG production in the liver is initiated 

by E2 (Knowland 1978), a positive correlation between E2 and VTG was expected. There is a 

plausible explanation for this. As hormones and proteins have varying absorption rates into 

different tissues, some of which are removed at dissection, the body homogenate levels will 
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not be proportional to those in a specific target tissue or plasma. Continuing with the VTG and 

E2 example, with VTG being produced in the liver (Knowland 1978), and with the oocytes 

being previtellogenic (Sofie Svanholm, personal communication), it is likely that the majority 

of the VTG was present in the liver. If this is the case, the removal of the liver at dissection led 

to the removal of most of the VTG present in the body, thus the expected proportional 

relationship between VTG and E2 is not seen in the whole-body homogenate. This principle 

will apply for relationships between other hormones and proteins. The absence of expected 

interrelationships does not preclude whole-body homogenate ELISA from being a viable 

method, but it is not suitable for comparison of interrelationships between hormones and 

protein levels without further study. 

 

There was no significant difference in the level of AMH, VTG, E2 or T between the C and H 

dose groups when sexes were analysed separately or pooled. This was not expected, as it was 

expected that flutamide would cause a significant reduction in T, leading to a reduction of E2 

production and therefore a reduction in VTG synthesis (Knowland 1978; Shilling & Williams 

2000). When the sexes were pooled and C, M and H doses compared, the only significant 

difference observed was in VTG, with the M dose being significantly higher than C and H, but 

with no significant difference between C and H. This suggests that flutamide may increase 

VTG production at moderate exposure levels in juvenile X. tropicalis, but this is counteracted 

at higher doses. As the M dose group lacked data on sex ratios it is not possible to account for 

or investigate sex differences at this dose. The exact relationship between flutamide and plasma 

VTG is still unclear, and with many studies finding contradicting results it stands to reason that 

there are several different mechanisms each with varying sensitivities and effects. For example, 

Chikae et al. (2004) an observed an significant increase compared to control in plasma VTG 

levels in female Japanese medaka (Oryzias latipes) after a 7-day exposure to 0.2 or 2 mg 

flutamide/g diet, with an additional 20 mg flutamide/g diet dose group also showing 

significantly higher VTG plasma levels than the control, with a slightly lower mean than the 

2mg/g dose group, although they do not state whether there was a significant difference 

between the 2mg/g and 20mg/g groups. They did not see any significant differences in plasma 

VTG in males, suggesting a sexually dimorphic response. Conversely, Shilling & Williams 

(2000) showed in a 14-day exposure to 0-1.25 mg flutamide/g diet a significant reduction in 

plasma VTG in both male and female juvenile rainbow (Oncorhynchus mykiss) trout, and also 

observed a decline in plasma T and E2 levels. This, combined with the significant positive 

correlation between VTG levels and the proportion or mature oocytes, despite the fact that none 

of the oocytes are yet vitellogenic (Sofie Svanholm, personal communication), makes the 

results for VTG difficult to explain, and further studies on the relationship between anti-

androgen exposure and VTG synthesis are recommended.  

 

In this study both C and H males showed the presence of spermatozoa in testis, implying that 

the males had reached puberty. During the first few weeks after metamorphosis the testes are 

developing, but it is not known which stage of the testis development is the most sensitive. 

Unfortunately, the male sample size was too small in this study to draw any significant 

conclusions. Continued analysis of the remaining individuals should be performed in the same 

manner as in this investigation to determine whether the presently employed short-term 

exposure period is also a sensitive stage for males. If further analysis of the remaining 

individuals confirms this, then the exposure period in the present study can provide a good 

basis for the design of a new developmental toxicology assay in X. tropicalis. However, if 

further analysis does not show significant effects in males, a new exposure period must be 

found. A repeat of this procedure with exposure starting at different times should be performed 

to determine when the testes are the most sensitive, for example starting 1-2 weeks or 3-4 
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weeks. If significant effects are seen in males, a highly sensitive stage has been found for males. 

However, it is important that effects are also observable in females. If this new exposure period 

shows the same effects in females as those in the present study, this new exposure period shows 

greater utility. If the same effects are not observed in females, then another exposure should be 

done, with the exposure period being the combination of the new one for males and the period 

in the present study.  

 

This study also shows that commercial ELISA kits are capable of detected AMH, VTG, E2 

and T in whole body homogenate, although interrelationships between them cannot be 

analysed. A further study to increase the usefulness of this method would be to investigate the 

patterns of AMH, VTG, E2 and T concentrations in whole body homogenate and other more 

traditionally analysed tissues, such as brain, gonad, liver and blood/plasma. With the 

individuals from this study being a subsample from individuals already collected, and with the 

carcass normally being waste, this investigation could be performed on existing tissue samples 

in addition to other more traditional analyses.  

 

 

Conclusion 

 

In conclusion, the results show that at this life stage, a significant change in the proportion of 

female germ cell types attributable to flutamide exposure can be characterised whereas no 

significant changes can be seen in gonadal size or MD development in females. This study was 

unable to draw conclusions with regard to testicular and MD development in males due to the 

small number of males in the randomly selected subsample for the histological evaluation. 

Finally, this study confirms that commercial ELISA kits are capable of detecting AMH, VTG, 

E2 and T in whole body homogenate at this life stage, opening the possibility using these as 

potential endpoints in what was formerly waste tissue. 
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Appendices  

 
Appendix 1. Mann-Whitney p values for BW, SVL, LL and LL:SVL ratio, as shown in Table 1 

Dose 1 Dose 2 BW (g) SVL (cm) LL (cm) LL:SVL 

C L 0.2848 0.2168 0.0349 0.0896 

C M 0.3259 0.5937 0.2316 0.0809 

C H 0.0141 0.0011 0.0206 0.6657 

L M 0.9011 0.4027 0.2425 0.5953 

L H 0.0097 0.0005 0.0006 0.2281 

M H 0.0035 0.0006 0.0012 0.3528 

 


