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Abstract 

Gestagens are active ingredients in human and veterinary drugs with progestogenic activity. Two 

gestagens, progesterone (P4), and the synthetic P4 analogue, melengestrol acetate (MGA), are 

approved for use in beef cattle agriculture in North America. Both P4 and MGA have been 

measured in surface water receiving runoff from animal agricultural operations. This project 

aimed to assess the morphometric and molecular consequences of chronic exposures to P4, 

MGA, and their mixture during Western clawed frog metamorphosis. Chronic exposure (from 

embryo to metamorphosis) to MGA (1.7 µg/L) or P4 + MGA (0.22 µg/L P4 + 1.5 µg/L MGA) 

caused a considerable dysregulation of metamorphic timing, as evidenced by an inhibition of 

growth, narrower head, and lack of forelimb emergence in all animals. Molecular analysis 

revealed that chronic exposure to the mixture induced an additive upregulation of neurosteroid-

related (GABAA receptor subunit α6 (gabra6) and steroid 5-alpha reductase 1 (srd5α1) gene 

expression in brain tissue. Chronic P4 exposure (0.26 µg/L P4) induced a significant 

upregulation of the expression hypothalamic-pituitary-gonadal (HPG)-related genes (ipgr, erα) 

in the gonadal mesonephros complex (GMC). Our data suggest that exposure to P4, MGA, and 

their mixture induces multiple endocrine responses and adverse effects in larval Western clawed 

frogs. This study helps to better our understanding of the consequences of chronic gestagen 

exposure and suggests that the implications and risk of high gestagen use in beef cattle feeding 

operations may extend to the aquatic environment.  

 

Keywords: progesterone; melengestrol acetate; endocrine disrupting chemical; amphibian 

metamorphosis; mixture effects 
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Introduction 

Gestagens are compounds that bind and activate progesterone receptors (PRs), including 

endogenous progestogens (e.g., progesterone; P4) and synthetic progestins used in human and 

veterinary drugs (e.g., melengestrol acetate; MGA). Both P4 and MGA are administered to beef 

cattle in animal feeding operations to synchronize estrus and encourage rapid anabolic 

development (Schiffer et al., 2001). Cattle excrete relatively high concentrations of both 

endogenous and synthetic steroid hormones in urine and manure (Hanselman et al., 2003) and 

approximately 279 tons of gestagens are excreted by farm animals in the US annually (Lange et 

al., 2002). Gestagens have been detected in the aquatic environment at levels generally in the 

range of 0.1 -30 ng/L (reviewed by Fent, 2015; Kumar et al., 2015; Orlando and Ellestad, 2014). 

However, elevated levels of both P4 and MGA have been measured in flush water from animal 

agriculture operations in concentrations up to 11.9 µg/L and 0.5 µg/L, respectively (reviewed by 

Fent, 2015; Liu et al., 2015a,b; Ray et al., 2013; Bartelt-Hunt et al., 2012; Liu et al; 2012; 

Mansell et al., 2011; Shore and Pruden, 2009; Lange et al., 2002). The environmental fate of 

these compounds in the aquatic environment is not well understood. P4 has been shown to 

rapidly degrade in aqueous environments, with a reported half-life of 4.3– 40 h (Ojoghoro et al., 

2017; Peng et al. 2014; Liu et al., 2013). MGA is known to be persistent in soil and manure 

matrices (Challis et al., 2021; Qu et al., 2014; Schiffer et al., 2001) but undergoes direct 

photolysis, with a half-life of approximately 45 min (Qu et al. 2012). However, the aquatic fate 

of MGA has not yet been evaluated. 

Despite their co-occurence in the aquatic environment, the ecotoxicological impact of these 

gestagens and their combination is poorly understood. Agricultural ponds are known to be 

attractive habitats to amphibians as they lack fish predators and provide static aquatic habitat in 
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an otherwise fragmented landscape (Swartz and Miller, 2019; Knutson et al., 2004). Therefore, it 

is especially pertinent to evaluate the effect of exposure to agricultural contaminants during 

larval amphibian development as amphibians may breed in these ponds.  

Gestagens have recently been identified as an emergent class of endocrine disrupting 

compounds (EDCs) with the ability to interfere with the hypothalamic-pituitary-gonadal (HPG) 

axis at ng/L levels in aquatic vertebrates (Säfholm et al., 2012; Kvarnryd et al., 2011; reviewed 

by: Zikova et al., 2017; Orlando and Ellestad, 2014; Säfholm et al., 2014). Several gestagens, 

including P4, have been shown to bind with high affinity to amphibian PRs (Liu and Patiño, 

1993). Therefore, endocrine disruption by gestagen action may be mediated through binding and 

activating of the intracellular progesterone receptor (iPGR), the membrane progesterone 

receptors (mPGRα, mPGRβ, and mPGRγ), and the progesterone receptor membrane components 

(PGRMC1 and PGRMC2). P4 signaling mediated through mPGRβ has been shown to serve a 

critical role of P4 in amphibian oocyte maturation and ovulation (Liu et al., 2005; Liu and 

Patiño, 1993). Additionally, transcripts for ipgr and mpgrβ have been detected in S. tropicalis 

throughout embryonic development (Nieuwkoop and Faber stage (NF) 12-46) (Thomson and 

Langlois, 2018), larval development, during-, and post- metamorphosis (NF 51 – 66 + 4 weeks, 

Jansson et al., 2016; NF 50 – 66 + 4 weeks, Säfholm et al., 2014), representing potential 

molecular targets of endocrine disruption by gestagens (Nieuwkoop and Faber, 1994). Moreover, 

we previously observed that acute P4- (15.7 – 195 ng/L), but not MGA- (7.94 – 3730 ng/L) 

exposure induced an upregulation of the genes encoding the PRs (ipgr, mpgrβ, and pgrmc1) in 

Silurana tropicalis larvae (Thomson and Langlois, 2018).  

In addition to acting on the HPG axis, it has recently been reported that some progestins 

have the ability to interfere with the hypothalamic-pituitary-thyroidal (HPT) axis (Lorenz et al., 
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2018; reviewed by Ziková, 2017). In amphibians, exposure to levonorgestrel (LNG; 312 – 3124 

ng/L) and norethindrone (2984 ng/L) caused asynchronous abnormal development and 

inactivation of the thyroid gland in developing tadpoles (Lorenz et al., 2018; Lorenz et al., 

2011a). One study demonstrated that Xenopus laevis tadpoles, exposed to 100 ng/L MGA 

exhibited a reduction in body mass and snout-vent length (Finch et al., 2013). However, there are 

limited data regarding the ecotoxicological effects of both P4 (Säfholm et al., 2014) and MGA 

(Finch et al., 2013) in amphibians, and the chronic effects of developmental exposure to 

gestagens has been scarcely studied (Kvarnryd et al., 2011). Moreover, in our previous study, P4 

and MGA induced dissimilar molecular responses (Thomson and Langlois, 2018), emphasizing 

the need to further examine the mechanisms mediating the biological response to gestagens in 

frogs. 

Despite the co-occurrence of multiple progestogens in the environment (reviewed by: 

Bartelt-Hunt et al., 2012; Fent, 2015; Orlando and Ellestad, 2014; Liu et al., 2012a,b; Mansell et 

al., 2011; Besse and Garric, 2009; Lange et al., 2002), most studies to date have focused on 

single-compound toxicity. Thus, there is limited research concerning joint toxicity of mixtures 

progestogens. The objectives of the present study were to examine the effects of chronic 

exposure to P4, MGA, and their mixture on development, morphology, and gene expression 

during amphibian metamorphosis.  

 

Materials and methods 

Chemistry 

Progesterone (P4; purity ≥ 99%; CAS 57-83-0) was obtained from Sigma (Oakville, ON, CA), 

whereas melengestrol acetate (MGA; purity ≥ 97%; CAS 2919-66-6) was purchased from Enzo 
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Life Sciences, Inc. (Farmingdale, NY, USA). Stock solutions for each treatment group were 

made by dissolving the powdered hormone in Ethanol (EtOH) and then stored at – 20 ºC in the 

dark. 

To determine gestagen concentrations in experimental treatment groups over the course of 

the 72 h static treatment period, water samples were collected in triplicate from one aquarium for 

each treatment at 0 h and 72 h, during the fourth week of the exposure. The experimental 

concentrations of P4 and MGA were determined by Liquid Chromatography-High Resolution 

Mass Spectrometry (LC-HRMS) in the Yargeau Laboratory (McGill University, QC, CA). Water 

samples (12 mL) were collected in amber glass vials and stored at -20 °C until analysis. Briefly, 

7 mL of the sample was transferred to a 15 mL tube (Fisher Scientific; Pittsburgh, PA, USA) and 

fortified with 30 µL of internal standard solution (10 ng/mL; P4-d9 Cat: P755902 and MGA-d3 

Cat: M215352 obtained from Toronto Research Chemicals (North York, ON,CA) followed by 3 

mL of ethylacetate:hexane (8:2 v/v).  

Samples were mixed for 1 min on an orbital shaker and centrifuged for 1 min at 1500g and 

4 ºC. The organic layer was transferred to a clean 15 mL tube where 1 mL of 100 mM 

ammonium formate (pH 9.0) was added and mixed for 1 min on an orbital shaker. Samples were 

centrifuged and the top organic layer was transferred to a clean 5 mL tube for drying under 

nitrogen gas. Extracts were reconstituted in 50 µL of 2 mM ammonium formate:methanol at 

0.1% formic acid solution and transferred to an HPLC vial with an insert.  

Separation of P4 and MGA was performed on a Thermo Scientific (San Jose, CA, USA) 

Accela 600 LC system equipped with refrigerated autosampler set at 4 ºC, buffer degasser, 

column oven compartment operated at 60 ºC, and a quaternary pump. Column configuration 

consisted of a Thermo in-line filter hardware unit with a 2.1 mm ID and 0.2 µm filter cartridge 
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PN: 22180 (Bellefonte, PA, USA) followed by an Agilent UHPLC guard column Zorbax Eclipse 

plus C18 2.1 x 5 mm and 1.8 µm PN: 821725-901. Resolution of analytes was carried out on an 

Agilent analytical column Zorbax Eclipse plus C18 RRHD 2.1 x 50 mm and 1.8 µm PN: 

959757-902 (Santa Clara, Cal. USA). Ten µL of sample or its dilution were injected at a constant 

flow rate of 250 µL/min. The initial mobile phase composition was aqueous 2 mM ammonium 

formate 0.1% formic acid buffer (A) and methanol 0.1% formic acid buffer (B) at 80% A/20% 

B, with an initial ramp to 65% B from 0 to 3 min, followed by a final ramp to 100% B in 2.5 

min. This composition of mobile phases was kept for 2 min and then the column was brought to 

the initial gradient conditions at 40% mobile phase B in 0.5 min and held for 2 min for 

equilibration. The total time of the cycle was 10 min.  

A Thermo Scientific LTQ Orbitrap XL mass spectrometer (San Jose, CA, USA) equipped 

with an electrospray ionization source was used for chemical determinations. MS detection was 

performed by Fourier transform mass spectrometry (FTMS) in positive ion mode. Instrument 

optimization was performed by infusing standard solutions at 5 µL/min, while determination of 

optimal source conditions was done by infusion flow analysis. Nitrogen gas was used for all 

sheath, auxiliary and sweep gasses, while helium gas was used as the collision gas. Data 

acquisition analysis was done on the precursor-ions for the full scan using FTMS obtained at 

30000 resolution on a mass range from 50-600 m/z on Xcalibur Version 2.1 from Thermo 

Scientific (San Jose, CA, USA).  

 

Maintenance and breeding of S. tropicalis  

Adult Western clawed frog (S. tropicalis) husbandry was performed in the Queen’s University 

Animal Care Facility (Kingston, ON, Canada) in accordance with the guidelines of the Animal 
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Care Committee of Queen’s University and the Canadian Council on Animal Care as described 

by Mathieu-Denoncourt et al. (2014). Sexually mature male and female frogs were reared in 

tanks containing dechlorinated and aerated water on a 12:12 h light: dark regime, with the light 

cycle commencing at 7:00 am. Fertilized eggs were obtained from two pairs of adult frogs 

according to an established method (Langlois et al. 2010). Briefly, human chorionic 

gonadotropin hormone (hCG; standard grade, 3,150 IU/mg potency, Sigma, Oakville, ON, CA) 

was injected into the dorsal lymph sac of each adult frog to initiate amplexus and ovulation. Both 

males and females received a priming injection of 40 μL of hCG (12.5 U) and the animals were 

kept in isolation in glass aquaria with the pH adjusted to 6.0-6.1 with HCl. At 21 h post- 

injection, the pH of the aquaria was re-adjusted to 6.0-6.1 and a boosting injection of 160 μL of 

hCG (200 U) was administered to each frog. Pairs were then introduced in the breeding 

chambers and were kept in the dark.  

Amplexus began approximately 3 h after the second injection; eggs were present between 

4-6 h post-injection from two pairs. Eggs were collected and pooled together to minimize 

parental effects. Embryos were held in the Frog Embryo Teratogenesis Assay: Xenopus 

(FETAX) rearing media (625 mg NaCl, 96 mg NaHCO3, 30 mg KCl, 15 mg CaCl2, 60 mg 

CaSO4 2H2O, and 75 mg MgSO4 per L of dechlorinated water; American Society for Testing 

and Materials, 1998) containing gentamycin sulfate (0.04 mg/L; CAS 1405-41-0, Fisher 

Scientific, Mississauga, ON, Canada). Viable embryos were identified by visual observation with 

a dissecting microscope. Developmental stages were determined following the Nieuwkoop and 

Faber (NF) developmental staging system (Nieuwkoop and Faber, 1994). Eggs were allowed to 

develop to NF stage 8, at which point the coating surrounding the embryos was removed by 

gentle swirling in a 2% (w/v) L-cysteine Solution (>99%, CAS 52-90-4, Acros Organics, Fair 
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Lawn, New Jersey, USA) adjusted to pH pH 8.1 with NaOH for 2 min (Williams et al., 2015; 

Brausch et al., 2010; Pickford et al., 2003). The eggs were then washed three times with FETAX 

solution (ASTM, 1998). Viable embryos were identified by visual inspection with a dissecting 

microscope.  

 

Experimental design 

S. tropicalis embryos were aqueously exposed to one of seven exposure regimes beginning at the 

gastrulae stage, NF 12 (13 hpf) in replicates of n = 200 until metamorphic climax (NF 60). P4 

(molecular weight = 314.46 g/mol) and MGA (molecular weight = 396.519 g/mol) were 

dissolved in EtOH in stock solutions, which were pipetted into aquaria to obtain the target 

concentrations while maintaining a final concentration of 0.01% v/v EtOH. Treatment groups 

included: 0.01% v/v EtOH (solvent control; SC), measured concentrations of 0.16 µg/L P4 

(named P4-L), 0.27 µg/L P4 (P4-M), or 1.4 µg/L P4 (P4-H), a mixture treatment of 0.22 µg/L P4 

and 1.5 µg/L MGA (P4-M + MGA), and a singular MGA treatment of 1.7 µg/L MGA. The range 

of exposure concentrations represents both environmentally realistic levels of P4 (P4-L and P4-

M), and elevated concentrations (P4-H, P4-M+MGA, and MGA). The latter may be 

representative exceptional levels found in highly intensified agricultural areas (e.g., concentrated 

animal feeding operations) (Liu et al., 2015a,b; Orlando and Ellestad, 2014).  

  At NF 12, healthy embryos were placed into 125 mL glass jars containing either FETAX 

solution or one of six test solutions in a density of 40 embryos per jar and 5 jars per treatment. 

The antibiotic gentamycin sulfate (0.04 mg/L; Sandoz Canada, Inc. Boucherville, QC, Canada) 

was also administered to each jar. FETAX solution and gentamycin sulfate were replaced every 

24 h until embryos reached NF 46 to maintain adequate dissolved oxygen levels and remove 
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waste. Once the free-feeding stage (NF 46) was reached, tadpoles were assigned to one of two 

replicate 8-L glass tanks per treatment group containing dechlorinated, aerated water. Tanks 

were not evaluated as individual replicates, as tadpoles of the same treatment were sorted by size 

and developmental stage weekly to avoid any metamorphic effects associated with housing, and 

to maintain a target density between 0.8 – 1 g/L (Mathieu-Denoncourt et al., 2015). For the 

remainder of the experiment, rearing media and chemicals were completely replaced every 72 h. 

Tadpoles were fed twice daily with equal amounts of a high-protein commercially available 

food (Sera Micron®; AniDis, St. Laurent, QC, Canada) from NF46 onward. Dead animals were 

removed and recorded daily. Experimental conditions were maintained throughout the duration 

of the exposure, including: water temperature (24 ± 1°C), pH 7.3 – 7.8, constant aeration by air 

stones, photoperiod (12:12 h; light commencing at 0700 h local time), and animal density (0.8 - 1 

g/L). Ammonia levels were measured at weeks 4 and 8 of the experiment and were below the 

safety value of 0.03 mg/L. The experiment was terminated once all SC animals reached NF 60. 

At NF 60, animals were anesthetized by immersion in 0.01% ethyl 3-aminobenzoate 

methanesulfonate (MS-222; 98%, CAS 886-86-2, Sigma Canada Ltd., Oakville, ON, Canada), 

and subsequently sacrificed by decapitation and tissue samples of gonadal mesonephros complex 

(GMC) and brain were dissected from each animal and mass was recorded. Tissue samples were 

snap frozen on dry ice and then stored at – 80 ºC until gene expression analysis was conducted 

and samples were analyzed individually.  

 

Morphological analysis 

Morphological measurements were taken throughout the experiment and at exposure completion. 

Each week, a subset (n = 10/treatment) of surviving animals were photographed with a scale bar 
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and whole-body length (snout-to-tail) was calculated using ImageJ image analysis software 

(Rasband, 1997). The developmental stage of each animal was recorded weekly. At NF 60, after 

anesthesia but before sacrificing, animals were blotted dry with a Kimwipe®, body mass (BM) 

was measured (wet weight; Pioneer scale; ± 0.1 mg; Ohaus, Pine Brook, New Jersey, USA), and 

dorsal and ventral photographs were taken. Snout-vent length (SVL), interoccular distance 

(IOD), and hind limb length (HLL) measurements were digitally calculated to the nearest 

millimeter using ImageJ. Subsequently, hepatosomatic index (HSI) and renosomatic index (RSI) 

were calculated from wet weight of tissue samples. GMC tissue was used in RSI calculations, as 

the kidney of NF 60 animals contributes the majority of the mass of the GMC.  

 

RNA isolation and cDNA synthesis 

NF 60 GMC and brain samples were used for gene expression analyses and each treatment was 

tested in 13-21 replicates.  

GMC samples were homogenized using a Retsch Mixer Mill MM400 (Fisher Scientific, 

Mississauga, ON, CA). Total RNA was isolated from individual samples using TRIzol reagent 

extraction (Life Technologies, Burlington, ON, CA) according to the manufacturer’s protocol 

and was then purified using TURBO DNase treatment (Ambion; ThermoFisher Scientific, 

Ottawa, ON, CA). Isolated RNA was re-suspended in Nuclease-free water and nucleic acid 

concentration and purity were measured using a NanoDrop-2000 spectrophotometer 

(Thermofisher, Ottawa, ON, CA). After isolation, RNA was stored at -80 ºC. Complementary 

DNA (cDNA) was synthesized from 0.8 µg of total RNA template and random hexamer primers 

following the QuantiTect Reverse Transcription Kit protocol (Qiagen Inc., Mississauga, ON, 

CA) on the PCR Vapo.protect Mastercycler pro S (Eppendorf, Hamburg, Germany).  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 13 

Brain samples were homogenized by sonication using the Ultrasonic Dismembrator-150T 

(Thermo Fisher, Ottawa, ON, Canada). Total RNA was isolated and purified from individual 

samples using the RNeasy Micro Kit with RNase-free DNase I (Qiagen Inc., Mississauga, ON, 

Canada). Isolated RNA was re-suspended in nuclease-free water and RNA concentration was 

determined on a Qubit 4 Fluorometer (Thermofisher, Ottawa, ON, Canada). After isolation, 

RNA was stored at -80 ºC. cDNA was synthesized from 0.5 µg total RNA template and random 

hexamere primers following the QuantiTect Reverse Transcription Kit protocol (Qiagen Inc., 

Mississauga, ON, CA) on the PCR Vapo.protect Mastercycler pro S (Eppendorf, Hamburg, 

Germany).  

 

Real-time RT-PCR 

Changes in transcript abundance were investigated using real-time quantitative polymerase 

change reaction (qPCR). The cDNA products were diluted either 40-, or 80-fold according to the 

transcript abundance of each gene prior to qPCR analysis. All qPCR assays were performed 

using a Bio-Rad CFX 96 Real-Time System (Bio-Rad Laboratories Inc., Mississauga, ON) and 

Promega GoTaq qPCR MasterMix (Madison, WI, USA), which includes the BRYT Green and 

carboxy-X-Rhodamine dyes. Each reaction consisted of a 20 µL amplification reaction 

containing 4 µL cDNA, 0.1 – 0.65 µg forward and reverse primers, 10 µL GoTaq Master Mix 

(Promega, Madison, WI, USA) for a final concentration of 1x, and Nuclease-free H2O. For all 

real-time qPCR assays, primer concentrations were optimized, and concentrations and annealing 

temperatures varied according to the primer set. Gene-specific primer sequences for estrogen 

receptor (erα), androgen receptor (ar), aromatase (cyp19), 5α-reductase type 1, 2, and 3 (srd5α1, 

srd5α2,srd5α3), and the reference genes ornithine decarboxylase (odc), ribosomal protein 8 
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(rpl8), and elongation factor-1 alpha (ef1α) were previously designed and validated by Langlois 

et al. (2010). We previously described primers for additional genes of interest including PRs 

(ipgr, mpgrβ, and pgrmc1) (Thomson and Langlois; 2018). Finally, the forward and reverse 

primer sequences for glucocorticoid receptor (gcr) and GABAA receptor subunit α6 (gabra6) 

were designed an optimized for the present study (Table S1).  

The thermocycler program used included an enzyme activation step at 95 ºC for 2 min, 

followed by 40 or 50 cycles at 95 ºC for 15 s and 1 min at a gene-specific annealing temperature 

of 58, 60, or 62 ºC, followed by a denaturation step of 1 min at 95 ºC. After the thermocycles 

were complete, a melt curve analysis was conducted by performing 40 cycles starting at 55 ºC 

and increasing 1 ºC every 30 s. The relative standard curve method was applied to interpolate 

relative mRNA abundance of target genes. Standard curves were prepared by serial dilution (1:4) 

of cDNA input pooled from each treatment. For quality assurance, two cDNA controls were 

performed on each qPCR run, including products from the cDNA synthesis step that were 

generated without the addition of reverse-transcriptase (NoRT) and no template control (NTC) 

reactions without the addition of cDNA template. All qPCR reactions including samples, cDNA 

controls, and standard curves were performed in duplicate. Reaction efficiencies were 100 ± 10% 

with an R2 ≥ 0.98. The threshold for each gene was assessed automatically by the Bio-Rad CFX 

Manager Software 3.0. Gene expression data is presented as mean fold change relative to the 

mean SC treatment. The genes odc, rpl8, and ef1α were selected as reference genes based on 

previous evidence of their stable expression in S. tropicalis. Fold change data for GMC were 

normalized to the geometric-mean of these three reference genes, which was not significantly 

affected across treatment groups (one-way ANOVA; p > 0.64). Fold change data for brain 
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samples were normalized to the mean fold change of the reference gene odc, which was not 

significantly different across treatment groups (one-way ANOVA; p > 0.55).  

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 8.2.1 (GraphPad 

Software Inc., San Diego, CA, USA). The proportion of animals achieving specific 

developmental stages each week was analyzed using Fisher’s exact test. Growth and 

development over the course of the exposure were analyzed using two-way analysis of variance 

(ANOVA) followed by Dunnett’s test for multiple comparisons. Morphometric data (body mass, 

SVL, HLL, IOD, RSI, and HSI) were analyzed using one-way ANOVA relative to the SC 

treatment followed by Dunnett’s post hoc test. The mean relative mRNA levels of treatment 

groups were compared to the mean of each other treatment group using one-way ANOVAs and a 

Tukey post hoc test. Data and residuals were assessed for normality and homogeneity of 

variances using the Shapiro-Wilk and Bartlett’s tests, respectively. Statistical outliers were 

removed using the robust regression and outlier removal method with the maximum false 

discovery rate set to 1% (Motulsky and Brown, 2006). Outliers were identified evenly 

throughout the dataset and the maximum number of outliers removed from a treatment was 2. 

When necessary, the data was subsequently square root, log10, or natural log transformed to 

achieve normality and homoscedasticity. For all comparisons, significance level was set at p < 

0.05.  

 

Results  

Experimental gestagen concentrations 
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Measured concentrations at both t = 0 h and t = 72 h timepoints are presented in Table 1. 

The solvent control treatment was not contaminated with detectable levels of either P4 or MGA. 

After 72 h incubation time, P4 significantly degraded by approximately 95-98% in all P4 

treatment groups. In contrast, MGA concentrations increased by approximately 2.8-3.5x. As 

concentrations changed with time, the average concentrations (between 0 h and 72 h) were 

calculated and are presented in Table 1. These averaged concentrations were then used to report 

data in figures.  

 

Organismal responses to gestagen treatments 

Growth and rate of development 

To evaluate the effects of chronic exposure to waterborne gestagens throughout tadpole 

development, developmental rate was evaluated by the proportion of tadpoles achieving specific 

developmental stages (Fig. 1, Fig. S1a). Chronic exposure to the highest concentration of P4 

accelerated S. tropicalis development, which was significant at weeks 6, and 8-15. All animals 

from the P4-H group developed hind limbs (NF 52) at week 10, while only 76% of the SC 

animals were at NF60 at that time (Fischer’s exact test; p < 0.0001). In contrast, the MGA 

treatment group exhibited a significantly lower proportion of NF 52 animals at weeks 3 – 8. 

Initially, the mixture treatment inhibited development at weeks 3 – 9, however, this pattern was 

reversed later in the exposure and the mixture treatment hastened development at weeks 14 and 

15. Exposure to P4-L and P4-M, mixture, or MGA treatments did not significantly alter the 

percent occurrence of NF 60 tadpoles compared to the SC treatment. However, P4-H caused a 

developmental acceleration to NF 60 (Fig. 1b), and a significantly higher occurrence was 

observed from week 9 and this pattern persisted for the remainder of the experiment.  
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Morphology  

Tadpole morphology was significantly affected by gestagen exposure (Fig. 2). Within the 

experimental period, all surviving tadpoles treated with MGA or the mixture treatment displayed 

abnormal phenotypes and developed asynchronously according to the NF normal table of 

development. All animals in these treatments exhibited uncharacteristic narrowing of the head, 

buildup and darkening of tadpole skin, and failure to undergo forelimb emergence (FLE), which 

characterizes the transition from NF57 to NF58. However, forelimbs were visibly developing 

beneath the opercular skin and hind limb development often corresponded to stages >58 in these 

animals. Thus, the determination of developmental stages using the normal staging table was not 

possible. Instead, NF stage from stages 56 onward was determined based on hindlimb 

development for these treatment groups.  

At NF 60, tadpoles in MGA and mixture treatments exhibited morphological inhibitions 

(Fig. 2a-f, Fig. S1b), indicated by decreased: SVL by 49% and 42%, wet weight by 50% and 

42%, HLL by 37.4% and 32.6%, and IOD by 33.9% and 27.2% in the mixture treatment and 

MGA treatments, respectively (p < 0.0001). Finally, RSI was significantly increased in both the 

mixture and MGA treatments by 70% (p = 0.0017) and 74% (p = 0.0005), respectively. HSI was 

not significantly affected by MGA or mixture treatments. In contrast, P4 treatment did not induce 

significant changes on SVL, IOD, HLL, BL, or RSI compared with the control group. However, 

HSI was significantly increased by 58, 83, and 62% (p < 0.05) in P4-L, P4-M, and P4-H, 

respectively. 

 

Gene expression 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 18 

GMC and brain gene expression data are presented as standardized means ± SEM relative to 

mean reference gene(s) level. In the GMC, expression of mpgrβ, ar, cyp19, srd5α2, and srd5α3 

was analyzed and differences between treatments were not statistically significant (Table S2). 

The expression of several genes of interest was significantly altered by chronic gestagen 

exposure in the GMC of tadpoles, when compared to the SC treatment (Fig. 3a). Expression 

levels of srd5α1 mRNA were significantly downregulated (0.5-fold, adjusted p = 0.0495) and 

(0.5-fold, adjusted p = 0.0474) in the GMC of the P4-H and mixture exposure groups, 

respectively. A statistically significant increase (1.9-fold, adjusted p = 0.0347) of in the 

expression of ipgr was observed in GMC of P4-L-treated tadpoles. Finally, erα expression was 

induced (1.8-fold, adjusted p = 0.0197) and (1.8-fold, adjusted p = 0.0110) in the P4-L and P4-H 

groups, respectively.  

In brain tissue, gestagen exposure did not significantly alter the expression of pgrmc1, 

ipgr, ar, srd5α2, or gcr (Table S3). Expression of several genes related to neuroendocrine 

signaling was significantly altered in the brain of tadpoles treated with the mixture of P4-M + 

MGA (Fig. 3b). Relative mRNA expression level of srd5α1 was significantly upregulated (1.7-

fold, adjusted p = 0.0290) in the tadpoles from the mixture treatment relative to the control 

group. Expression of srd5a3 was significantly higher (adjusted p = 0.0466) in the mixture 

treatment, compared to the P4-M group. Expression of erα was upregulated in the mixture 

treatment group, compared to the solvent control (1.6-fold, adjusted p = 0.458). Finally, gabra6 

expression was induced (2.0-fold, adjusted p = 0.0458) in the brain tissue of tadpoles in the 

mixture treatment compared to the control group. Of note, comparison between the mixture 

treatment group and the relevant single-chemical treatment groups (P4-M and MGA), indicated a 

statistically significant additive effect in each of these genes (Fig. 3b).  
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Discussion 

The objectives of this study were to evaluate the single and mixture effects of chronic gestagen 

exposure during tadpole metamorphosis. We employed a static renewal exposure design, 

mimicking environmental processes, such as precipitation events that transport environmental 

gestagens in a pulsatile nature (Biswas et al., 2017; Schiffer et al., 2004). We demonstrated that 

P4 concentrations significantly decreased in the 72 h renewal period. This finding is supported 

by the literature that suggest P4 is not a highly persistent pollutant. Ojoghoro and colleagues 

(2017) demonstrated that P4 concentration in surface water dropped from of 1000 µg/L to < 0.7 

µg/L after 72 h. Moreover, P4 actively and in humans, has a biological half-life, ranging from 3 

– 90 min (Aufrère and Benson, 1976). In contrast, the observed increase in MGA concentration 

over time may be explained by incomplete dissolution or homogenization at t = 0 h. MGA is 

predicted to have very low water solubility (0.55 mg/L at 25 ºC (US EPA, 2012)). Alternatively, 

it is possible that there was an incomplete removal of MGA during water changes (e.g., 

adsorption by aquaria or animals and later release into the media). The aqueous fate and 

behaviour of MGA is not well understood, however, it the biological half-life of MGA in 

humans is 3 – 5 d (Cooper et al., 1967). While there is no literature on the ability of MGA to 

bioconcentrate in aquatic organisms, this property has been demonstrated for other progestins 

(LNG, norgestrel, and medroxyprogesterone acetate) in mollusks (Contardo-Jara et al., 2011) 

and fish (Liu et al., 2015c; Steele et al., 2013; Fick et al., 2010).  

A major finding of the present study is the disparate effects induced by these two 

gestagens. This is surprising due to the conserved mechanisms of action in other vertebrate 

species. In laboratory mammals, MGA is reportedly a highly potent gestagen compared to 
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endogenous P4 and other synthetic gestagens (Bauer et al., 2001; Kazensky et al., 1998; 

Lauderdale et al, 1977; Duncan et al., 1964). Moreover, in bovine uterine cells, the relative 

binding affinity of MGA was reportedly 526% that of P4 (Bauer et al., 2001). However, the 

current findings suggest that this pattern may not be consistent in larval amphibians and that 

MGA may not act through classical P4-signalling pathways. These differences may be explained 

by differential molecular mechanisms of action, binding affinity, or activity in amphibians. Our 

previous work also found that P4 and MGA induced dissimilar effects at approximately 

equimolar concentrations in larval S. tropicalis (Thomson and Langlois, 2018). Nonetheless, the 

affinity and potency of MGA on amphibian PRs remains to be evaluated on a molecular level.  

Chronic exposure to a high concentration of P4 significantly accelerated frog 

metamorphic timing. As metamorphosis is primarily driven by thyroid hormones (THs), these 

effects may be explained by crosstalk between the gestagen signalling pathway and the HPT axis 

in non-mammalian species. While Liang et al. (2015) concluded that the influence of P4 on TH-

related gene expression is possible through the upregulation of the sodium iodide symporter, it 

remains minimal in larval zebrafish (Danio rerio). Because anuran metamorphosis is a TH-

dependent process, larval amphibians may be more sensitive to P4 exposure than fish. Indeed, 

several synthetic progestins have been shown to affect the HPT axis in fish (Zucchi et al., 2013) 

and frogs (Lorenz et al., 2011a,b). Alternatively, high P4 level may have perturbed other 

morphogens involved in metamorphosis, such as antagonizing the anti-metamorphic hormone 

prolactin (PRL) or hypothalamic pituitary adrenal axis (HPA).  

In contrast, exposure to a high concentration of MGA or a mixture of P4 + MGA did not 

accelerate, but instead, retarded pre-metamorphic development, caused inhibited growth, and 

asynchronous tissue remodeling. Tadpoles exposed to MGA and mixture treatments were 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 21 

significantly smaller throughout development (beginning at week 3; Fig. S1) and were slower to 

reach NF 52 (development of hindlimbs). Similarly, in the only other study that investigated the 

effects of chronic exposure to MGA to date, Finch et al. (2013) demonstrated that X. laevis 

tadpoles exposed to 100 ng/L MGA for 60 d exhibited reductions in body mass and snout-vent 

length by 34 % and 20%, respectively. In addition to hormone mediated actions, this inhibition 

of growth could be related to changes in energy balance, feeding behaviour, and/or swimming 

performance. The developmental delay to reach NF 52 in mixture and MGA-only treatments is 

unlikely to be due to disruption of the HPT-axis because premetamorphic development is 

considered to be independent of the HPT-axis, as the thyroid gland is not yet functional (Dodd 

and Dodd, 1976). Instead, future investigations should aim to elucidate the molecular pathways 

involved in premetamorphic developmental delay. 

Results from the present study indicate that chronic exposure to P4 increased HSI while 

exposure to MGA or a mixture of P4 + MGA caused a pronounced inhibitory effect on 

morphology and induced an asynchronous pattern of metamorphic tissue remodeling. At all 

tested concentrations, chronic P4 exposure was hepatotropic, as indicated by the 58-83% 

increase in HSI. While there is a lack of data in aquatic vertebrates, hepatomegaly and liver 

damage has been documented in humans following chronic use of progestogenic contraceptives 

(Suarez et al., 2001; Jhingran et al., 1977; Fisher, 1975; Sherlock, 1975). Interestingly, the liver 

undergoes little or no cell division during metamorphosis (Kaywin, 1936); therefore, the 

observed effect is not likely to be hepatic hyperplasia or an artifact from the observed 

acceleration of metamorphosis induced by P4. The increase in HSI may be due to disruptions of 

the liver’s roles in glycogen storage or enzymatic metabolism of xenobiotics and endogenous 

compounds, such as steroid hormones (Waxman et al., 1988; Parkinson, 1996). Some evidence 
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suggests that HSI is a potential indicator of glycogen storage in the liver and is correlated to 

growth in fish (Chellappa et al., 1995; Cui and Wootton, 1988; Adams and McLean, 1985; 

Holdway and Beamish, 1984). Other sex steroids have been shown to induce similar hepatotoxic 

effects. For example, androgen exposure significantly increased HSI in rainbow trout 

(Oncorhynchus mykiss) (Hirose and Hibiya, 1968) and channel catfish (Ictalurus punctatus) 

(Simone, 1990; Bulkley and Swihart, 1973). Moreover, P4 is a key intermediate in the steroid 

biosynthetic pathway and the biochemical precursor to other steroids. P4 has shown to increase 

the availability of cholesterol in rats (Nervi et al., 1983) through inhibition of cholesterol 

esterification (Erickson et al., 1980; Lichtenstein et al., 1980). Future studies could study hepatic 

cholesterol levels, expression and activities of steroidogenic enzymes (e.g., StAR, P450scc and 

3β-HSD), and histopathology to elucidate the mechanism and determine the ecotoxicological 

implications of this effect. 

In contrast to the effects of P4 treatment, the mixture and MGA treatments induced 

conspicuous developmental abnormalities and inhibited all morphometrics other than RSI. The 

abnormal external morphology induced by both mixture and MGA treatments was characterized 

by a narrower head, smaller hindlimbs, skin abnormalities, and complete lack of FLE. These 

developmental malformations are indicative of an asynchronous pattern of metamorphic tissue 

remodeling that was never observed in any control or P4-treated tadpoles, suggesting that these 

effects were driven by MGA exposure in the mixture treatment. During prometamorphosis, 

complex biochemical and morphological changes are TH-dependent (reviewed in Brown and 

Cai, 2007; Degitz et al., 2005) and include perforation of the opercular membrane, permitting 

FLE (Hayes, 1995a), reconstruction of the head (Berry et al., 1998; Hanken and Summers, 

1988), and keratinization of the skin (Schreiber and Brown, 2003; Nishikawa et al., 1989). 
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Metamorphic delay or arrest has been demonstrated in amphibians exposed to TH-antagonizing 

chemicals (reviewed by Kloas, 2002), and treatment of tadpoles with anti-thyroidal substances 

causes a delay or lack of FLE by down regulating thyroid receptor β (thβ) expression and thus 

arresting metamorphosis (Opitz et al., 2006). Several progestins have been shown to exhibit 

thyroid disrupting properties in X. laevis (Lorenz et al., 2018; 2011a, Kloas et al., 2009). 

However, our observations do correspond with those metamorphic alterations induced by anti-

thyroidal EDCs. While metamorphosis was disrupted in our study, some metamorphic events 

(e.g., forelimb development) were not affected, while others were strongly inhibited (e.g., 

forelimb emergence).  

Interestingly, similar morphological abnormalities to those documented here (complete 

lack of FLE, extensive narrowing of the head) have been reported in tadpoles treated with 

relatively high concentrations of exogenous corticosteroids (Lorenz et al., 2009a, b) or reared at 

crowded densities, which subsequently results in elevated circulating CORT levels (Hayes, 

1997). Therefore, MGA may mimic the actions of CORT on the GCR. Glucocorticoids (GCs) 

have been shown to affect tadpole growth and development (Crespi et al., 2013; Lorenz et al 

2009a,b; Glennemeier and Denver, 2002a,b,c; reviewed in Hayes, 1997) and treatment with 

exogenous corticosteroids during premetamorphic stages has been shown to inhibit 

metamorphosis in tadpoles (Hayes, 1995b; Wright et al., 1994; Hayes et al., 1993). X. laevis 

chronically treated with 35 or 173 µg/L CORT failed to undergo FLE and exhibited upregulated 

prl gene expression in brain (Lorenz et al., 2009b). Similarly, corticosteroids have a stimulatory 

effect on prl gene expression in mammalian and chicken pituitary cells (Fu and Porter, 2004; 

Camper et al., 1985). Thus, indicating that disruptors of the HPA axis may also regulate HPT- 

and PRL-signaling at the transcriptional level. Therefore, we suggest that the metamorphic 
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dysregulation by MGA and mixture treatments did not act through classical disruption of the 

HPT-axis, but instead may be mediated by complex crosstalk with PRL, HPT, and/or HPA-axes.  

While the observed morphological abnormalities are consistent with those induced by 

corticosteroids, we report that MGA blocked FLE at a concentration approximately 25-times 

lower than the effects threshold of CORT for this endpoint. This may be explained by the cross-

reactivity that MGA exhibits for other steroid hormone receptors. MGA was shown to have GC 

activity comparable with that of hydrocortisone (Elliott et al., 1973, Greig et al., 1970, Duncan et 

al., 1964). However, there is a need to further characterize the affinity and action of MGA on the 

GCR, specifically in frogs. In general, the patterns of expression of genes of interest were 

differentially affected by P4, MGA, and the mixture treatment, indicating that the dominant 

molecular mechanisms of action are different for these two gestagens. We previously reported 

that acute exposure to P4 or MGA does not activate the same molecular pathways (Thomson and 

Langlois, 2018). Nonetheless, we report that P4 and MGA acted additively on a transcriptional 

level in brain tissue. In GMC, our results indicated that P4 acts on the HPG-axis in frogs by 

altering gene expression of sex steroid-related transcripts. Treatment with 156.1 ng/L P4 induced 

an upregulation of ipgr and erα. Similarly, we previously demonstrated that acute exposure to 

195 ng/L induced a 5-fold upregulation of ipgr in larval S. tropicalis (Thomson and Langlois, 

2018). Normal expression of ipgr is essential for reproductive function in mice (Lydon et al., 

1995) and frogs (Tian et al., 2000). And P4-signaling through the iPGR is essential to ovulation 

in D. rerio (Tang et al., 2016). Therefore, disrupted ipgr expression, especially during the period 

of reproductive development, could lead to reproductive toxicity. Indeed, exogenous gestagen 

exposures have been shown to cause reduced fecundity or disrupted gonadal development in 

amphibians (reviewed by Ziková et al., 2017; Säfholm et al., 2015; Kvarnryd et al., 2011; Lorenz 
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et al., 2011a,b; reviewed in Hayes, 1998). Interestingly, P4 exposure did not cause an alteration 

of expression of genes encoding the membrane prs, suggesting that their regulation differs from 

that of the ipgr.  

 Expression of erα was also upregulated by a low concentration of P4 in GMC. P4 is 

known to have anti-estrogenic activity (reviewed by Schindler et al., 2003)) and downregulate er 

expression (Stelmanska et al., 2012; Satyaswaroop et al., 1992; reviewed by Mauvais-Jarvis et 

al., 1986). However, in contrast, ER activation tends to upregulate both erα and ipgr expression 

in humans (Jacobsen and Horwitz, 2012), rodents (Chappell and Levine, 2000), and reptiles 

(Custodia-Lora et al., 2004). Estrogen response elements have been identified in the ipgr of 

humans (Petz et al., 2004) and rat (Kraus and Montano, 1994). Therefore, it is possible that the 

inductions of ipgr and erα in the lowest P4 treatment was due to signaling through the ER 

pathway. We also observed that chronic exposure to 1.4 µg/L P4 inhibited srd5α1 gene 

expression. Inhibition of srd5α enzymes has been shown to induce a broad range of reproductive 

and non-reproductive adverse effects (Traish et al., 2015; Langlois et al., 2011). Interestingly, 

while P4 inhibited srd5α1 in the GMC, we observed the opposite pattern in brain tissue. 

 Because gestagens readily cross the blood-brain barrier, the brain represents a potential 

site of endocrine disruption by environmental gestagens. Here we demonstrate that joint 

exposure to P4 and MGA induced additive effects on the level of transcripts encoding proteins 

involved in neuroendocrine signaling. In the mixture treatment, both srd5α1 and gabra6 were 

significantly upregulated. SRD5α1 is responsible for neurotrophic activities during amphibian 

larval development (Bruzzone et al., 2010). Therefore, altered expression of srd5α1 as a result of 

chronic, larval gestagen exposure may lead to neurotoxic effects during sensitive stages of 

development. Moreover, the main role of SRD5α1 in the brain is the production of neurosteroids 
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from the biosynthetic conversion of P4 to 5α-dihydroprogesterone and 3α, 5α-

tetrahydroprogesterone (reviewed by Robitaille and Langlois, submitted; Bruzzone et al., 2010). 

These P4-metabolites act as potent allosteric modulator of the GABAA receptor by increasing 

chloride conductance (Lambert et al., 1995; Callachan et al., 1987; Majewska et al., 1986). In the 

rat brain, P4 has been shown to regulate the number of GABAA receptors (Maggi and Perez, 

1984). Moreover, in amphibians, GABA plays a role in controlling the biosynthesis of 

neurosteroids (Do-Rego et al., 2000), suggesting that the observed upregulation of srd5a1 and 

gabra6 may be a result of feedback loops from GABAergic actions of gestagens or their 

metabolites. Endogenous gestagens have roles in behaviour (reviewed by Baulieu and 

Schumacher, 2000), and 4 d exposure of up to 341 ng/L P4 altered reproductive behaviour in 

male X. laevis (Hoffmann and Kloas, 2012). Together, these finding suggest that the effects of 

chronic gestagen exposure includes neuromodulatory alterations on a transcriptional level in the 

tadpole brain and may extend to behaviour.  

 Here we report that chronic exposure to two gestagens and their mixture had significant, 

but opposite effects on tadpole development, morphology, and gene expression. We demonstrate 

evidence that MGA and mixture treatments caused severe effects on metamorphic tissue 

remodeling similar to those induced by high concentrations of GCs. Because GCs induce 

opposing effects depending on if exposure begins during the premetamorphic or prometamorphic 

phases (reviewed by Denver, 2009), and MGA is a pollutant that is periodically flushed from 

agricultural operations, it is pertinent to evaluate the consequences of pulsatile MGA exposure in 

amphibians. Our evidence suggests that disruptions of tadpole embryogenesis and 

metamorphosis may occur in environments where elevated levels and complex mixtures of 

agricultural contaminants occur.  
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Table 1 Measured concentrations of progesterone (P4) and melengestrol acetate (MGA) in 
exposure groups. Concentrations are expressed as mean ± 
standard deviation (n= 3 technical replicates/treatment/sampling time). The limits of detection 
(LOD) were 0.161 and 0.061 µg/L for P4 and MGA, respectively. The limits of quantification 
(LOQ) were 0.487 and 0.183 µg/L, respectively. Samples were pre-concentrated by a factor of 
140x prior to analysis. ND: not detected SC: solvent control (0.01% v/v EtOH). 

 
Treatment group Mean experimental concentration (µg/L) 

0 h 72 h Average 
SC ND ND ND 
P4-L 0.31 ± 0.02 

 
0.01a ± 0.00 
 

0.16 ± 0.01 

P4-M 0.45 ± 0.02 
 

0.01a ± 0.00 
 

0.27 ± 0.01 

P4-H 2.65 ± 0.06 
 

0.13a ± 0.07 
 

1.4 ± 0.07 

P4-M  
+ MGA 

0.43 ± 0.02 
+ 0.75 ± 0.05 
 

0.01a ± 0.01 
+ 2.16 ± 0.13 
 

0.22 ± 0.01 
+ 1.5 ± 0.09 

MGA 0.70 ± 0.03 
 

2.64 ± 0.19 
 

1.7 ± 0.11 
 

a < LOQ 
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Figure Captions 
Fig. 1 Effects of gestagens on Western clawed frog metamorphosis, characterized by the 
proportion of tadpoles reaching stage NF 52 (a), and NF 60 (b). Due to the asynchronous 
development of tadpoles in the mixture and MGA treatments, NF 60 was determined based on 
morphology corresponding to the illustrations shown. Data are expressed as absolute percentage 
of animals per treatment that have reached each developmental stage, ranging from 28 – 139 
animals. Boxes indicate statistically significant differences between treatments and the control 
group. The illustration of stage NF 52 is from Nieuwkoop and Faber (1994). Legend: P4-L: 0.16 
µg/L progesterone, P4-M: 0.27 µg/L progesterone, P4-H: 1.4 µg/L progesterone, P4-M + MGA: 
0.22 µg/L progesterone and 1.5 µg/L ng/L melengestrol acetate, MGA: 1.7 µg/L melengestrol 
acetate, and SC: solvent control (0.01% v/v EtOH) 
 
Fig. 2 Morphology of S. tropicalis tadpoles chronically treated with exogenous gestagens. NF 60 
morphometric measurements are presented as means +/- SEM for: snout-vent length (a), hind 
limb length (HLL) (b), interocular distance (IOD) (c), wet body weight (d), renosomatic index 
(RSI) (e), and hepatosomatic index (HSI) (f). Asterisks indicate significant differences from SC 
group. (n = 21 – 42 per treatment). Legend: P4-L: 0.16 µg/L progesterone, P4-M: 0.27 µg/L 
progesterone, P4-H: 1.4 µg/L progesterone, P4-M + MGA: 0.22 µg/L progesterone and 1.5 µg/L 
ng/L melengestrol acetate, MGA: 1.7 µg/L melengestrol acetate, and SC: solvent control (0.01% 
v/v EtOH) 
 
Fig. 3 Significant changes in of genes of interest in GMC (a) and brain (b) after chronic gestagen 
exposure. Normalized fold change data are presented as mean ± SEM (n = 13 – 17 per 
treatment). Letters indicate significant differences between treatment groups. Legend: srd5α1: 
steroid 5-alpha reductase 1, ipgr: intracellular progesterone receptor, pgrmc1: progesterone 
receptor membrane component 1, erα: estrogen receptor alpha, srd5α3: steroid 5-alpha reductase 
3, gabra6: GABAA receptor, P4-L: 0.16 µg/L progesterone, P4-M: 0.27 µg/L progesterone, P4-
H: 1.4 µg/L progesterone, P4-M + MGA: 0.22 µg/L progesterone and 1.5 µg/L ng/L 
melengestrol acetate, MGA: 1.7 µg/L melengestrol acetate, and SC: solvent control (0.01% v/v 
EtOH) 
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(2015). The challenge presented by progestins in ecotoxicological research: A critical 
review. Environmental Science and Technology, Vol. 49. 
https://doi.org/10.1021/es5051343 

Kvarnryd, M., Grabic, R., Brandt, I., Berg, C. (2011). Early life progestin exposure causes 
arrested oocyte development, oviductal agenesis and sterility in adult Xenopus tropicalis 
frogs. Aquatic Toxicology, 103(1-2), 18-24. 

Lambert, J. J., Belelli, D., Hill-Venning, C., Peters, J. A. (1995). Neurosteroids and GABAA 
receptor function. Trends in pharmacological sciences, 16(9), 295-303. 

Lange, I. G., Daxenberger, A., Schiffer, B., Witters, H., Ibarreta, D., Meyer, H. H. D. (2002). 
Sex hormones originating from different livestock production systems: Fate and potential 
disrupting activity in the environment. Analytica Chimica Acta, 473(1–2), 27–37. 
https://doi.org/10.1016/S0003-2670(02)00748-1 

Langlois, V. S., Duarte-Guterman, P., Ing, S., Pauli, B. D., Cooke, G. M., Trudeau, V. L. (2010). 
Fadrozole and finasteride exposures modulate sex steroid- and thyroid hormone-related 
gene expression in Silurana (Xenopus) tropicalis early larval development. General and 
Comparative Endocrinology, 166(2), 417–427. 
https://doi.org/10.1016/j.ygcen.2009.11.004 

Lauderdale J.W., Goyings L.S., Krzeminski L.F., Zimbelman R.G., 1977. Studies of a 
progestogen (MGA) as related to residues and human consumption. J. Toxicol. Environ. 
Health. 3, 5–33 

Lichtenstein, A. H., Nicolosi, R. J., Hayes, K. C. (1980). Dietary fat and cholesterol effects on 
plasma lecithin cholesterol acyltransferase activity in cebus and squirrel 
monkeys. Atherosclerosis, 37(4), 603-616. 

Liang, Y. Q., Huang, G. Y., Ying, G. G., Liu, S. S., Jiang, Y. X., Liu, S. (2015). Progesterone 
and norgestrel alter transcriptional expression of genes along the hypothalamic–pituitary–

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 34 

thyroid axis in zebrafish embryos-larvae. Comparative Biochemistry and Physiology Part 
C: Toxicology Pharmacology, 167, 101-107. 

Liu, S., Chen, H., Zhou, G. J., Liu, S. S., Yue, W. Z., Yu, S., et al (2015a). Occurrence, source 
analysis and risk assessment of androgens, glucocorticoids and progestagens in the Hailing 
Bay region, South China Sea. Science of the Total Environment, 536, 99-107. 

Liu, S., Chen, H., Xu, X. R., Liu, S. S., Sun, K. F., Zhao, J. L., Ying, G. G. (2015c). Steroids in 
marine aquaculture farms surrounding Hailing Island, South China: occurrence, 
bioconcentration, and human dietary exposure. Science of the Total Environment, 502, 
400-407.  

Liu, S., Ying, G. G., Liu, Y. S., Peng, F. Q., He, L. Y. (2013). Degradation of norgestrel by 
bacteria from activated sludge: comparison to progesterone. Environmental science 
technology, 47(18), 10266-10276 

Liu, S., Ying, G. G., Liu, Y. S., Yang, Y. Y., He, L. Y., Chen, J., et al (2015b). Occurrence and 
removal of progestagens in two representative swine farms: effectiveness of lagoon and 
digester treatment. Water research, 77, 146-154. 

Liu, S., Ying, G. G., Zhang, R. Q., Zhou, L. J., Lai, H. J., Chen, Z. F. (2012a). Fate and 
occurrence of steroids in swine and dairy cattle farms with different farming scales and 
wastes disposal systems. Environmental Pollution, 170, 190–201. 
https://doi.org/10.1016/j.envpol.2012.07.016 

Liu, S., Ying, G. G., Zhao, J. L., Zhou, L. J., Yang, B., Chen, Z. F., Lai, H. J. (2012b). 
Occurrence and fate of androgens, estrogens, glucocorticoids and progestagens in two 
different types of municipal wastewater treatment plants. Journal of Environmental 
Monitoring, 14(2), 482–491. https://doi.org/10.1039/c1em10783f. 

Liu, X. S., Ma, C., Hamam, A. W., Liu, X. J. (2005). Transcription-dependent and transcription-
independent functions of the classical progesterone receptor in Xenopus ovaries. 
Developmental biology, 283(1), 180-190. 

Liu, Z., Patiño, R. (1993). High-affinity binding of progesterone to the plasma membrane of 
Xenopus oocytes: characteristics of binding and hormonal and developmental control. 
Biology of reproduction, 49(5), 980-988. 

Lorenz, C., Opitz, R., Lutz, I., Kloas, W. (2009a). Teratogenic effects of chronic treatment with 
corticosterone on tadpoles of Xenopus laevis. Annals of the New York Academy of 
Sciences, 1163(1), 454-456. 

Lorenz, C., Opitz, R., Lutz, I., Kloas, W. (2009b). Corticosteroids disrupt amphibian 
metamorphosis by complex modes of action including increased prolactin 
expression. Comparative Biochemistry and Physiology Part C: Toxicology 
Pharmacology, 150(2), 314-321. 

Lorenz, C., Contardo-Jara, V., Pflugmacher, S., Wiegand, C., Nützmann, G., Lutz, I., Kloas, W. 
(2011b). The Synthetic Gestagen Levonorgestrel Impairs Metamorphosis in Xenopus laevis 
by Disruption of the Thyroid System. Toxicological Sciences, 123(1), 94-102. 

Lorenz, C., Contardo-Jara, V., Trubiroha, A., Krüger, A., Viehmann, V., Wiegand, C., et al 
(2011a). The synthetic gestagen Levonorgestrel disrupts sexual development in Xenopus 
laevis by affecting gene expression of pituitary gonadotropins and gonadal steroidogenic 
enzymes. Toxicological Sciences, 124(2), 311-319. 

Lorenz, C., Krüger, A., Schöning, V., Lutz, I. (2018). The progestin norethisterone affects 
thyroid hormone-dependent metamorphosis of Xenopus laevis tadpoles at environmentally 
relevant concentrations. Ecotoxicology and environmental safety, 150, 86-95. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 35 

Lydon, J. P., DeMayo, F. J., Funk, C. R., Mani, S. K., Hughes, A. R., Montgomery, C. A., et al 
(1995). Mice lacking progesterone receptor exhibit pleiotropic reproductive 
abnormalities. Genes development, 9(18), 2266-2278. 

Maggi, A., Perez, J. (1984). Progesterone and estrogens in rat brain: modulation of GABA (γ-
aminobutyric acid) receptor activity. European journal of pharmacology, 103(1-2), 165-
168. 

Majewska, M. D., Harrison, N. L., Schwartz, R. D., Barker, J. L., Paul, S. M. (1986). Steroid 
hormone metabolites are barbiturate-like modulators of the GABA 
receptor. Science, 232(4753), 1004-1007. 

Mansell, D. S., Bryson, R. J., Harter, T., Webster, J. P., Kolodziej, E. P., Sedlak, D. L. (2011). 
Fate of endogenous steroid hormones in steer feedlots under simulated rainfall-induced 
runoff. Environmental science technology, 45(20), 8811-8818. 

Mathieu-Denoncourt, J., Martyniuk, C. J., de Solla, S. R., Balakrishnan, V. K., Langlois, V. S. 
(2014). Sediment contaminated with the azo dye disperse yellow 7 alters cellular stress-and 
androgen-related transcription in Silurana tropicalis larvae. Environmental science 
technology, 48(5), 2952-2961. 

Mathieu-Denoncourt, J., de Solla, S. R., Langlois, V. S. (2015). Chronic exposures to 
monomethyl phthalate in Western clawed frogs. General and comparative endocrinology, 
219, 53-63. 

Mauvais-Jarvis, P., Kuttenn, F., Gompel, A. (1986). Antiestrogen action of progesterone in 
breast tissue. Breast cancer research and treatment, 8(3), 179-188. 

Motulsky, H.J., Brown, R.E., 2006. Detecting outliers when fitting data with nonlinear 
regression – a new method based on robust nonlinear regression and the false discovery 
rate. BMC Bioinf. 7, 123. http://dx.doi.org/10.1186/1471-2105-7-123.  

Nervi, F. O., Pozo, R. Del, Covarrubias, C. F., Ronco, B. O. (1983). The Effect of Progesterone 
on the Regulatory Mechanisms of Biliary Cholesterol Secretion in the Rat. Hepatology, 
3(3), 360–367. https://doi.org/10.1002/hep.1840030314 

Nishikawa, A., Kaiho, M., Yoshizato, K. (1989). Cell death in the anuran tadpole tail: Thyroid 
hormone induces keratinization and tail-specific growth inhibition of epidermal cells. 
Developmental Biology, 131(2), 337–344. https://doi.org/10.1016/S0012-1606(89)80007 

Nieuwkoop, P.D., Faber, J., 1994. Normal Table of Xenopus laevis (Daudin). Garland Publishing 
Inc, New York, NY.  

Ojoghoro, J. O., Chaudhary, A. J., Campo, P., Sumpter, J. P., Scrimshaw, M. D. (2017). 
Progesterone potentially degrades to potent androgens in surface waters. Science of the 
Total Environment, 579. https://doi.org/10.1016/j.scitotenv.2016.11.176 

Opitz, R., Hartmann, S., Blank, T., Braunbeck, T., Lutz, I., Kloas, W. (2006). Evaluation of 
histological and molecular endpoints for enhanced detection of thyroid system disruption 
in Xenopus laevis tadpoles. Toxicological Sciences, 90(2), 337-348. 

Orlando, E. F., Ellestad, L. E. (2014). Sources, concentrations, and exposure effects of 
environmental gestagens on fish and other aquatic wildlife, with an emphasis on 
reproduction. General and Comparative Endocrinology, 203, 241–249. 
https://doi.org/10.1016/j.ygcen.2014.03.038 

Parkinson, A. (1996). An overview of current cytochrome P450 technology for assessing the 
safety and efficacy of new materials. Toxicologic pathology, 24(1), 45-57. 

Peng, F. Q., Ying, G. G., Yang, B., Liu, S., Lai, H. J., Liu, Y. S., et al (2014). Biotransformation 
of progesterone and norgestrel by two freshwater microalgae (Scenedesmus obliquus and 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 36 

Chlorella pyrenoidosa): transformation kinetics and products identification. Chemosphere, 
95, 581-588.  

Petz, L. N., Ziegler, Y. S., Schultz, J. R., Kim, H., Kemper, J. K., Nardulli, A. M. (2004). 
Differential regulation of the human progesterone receptor gene through an estrogen 
response element half site and Sp1 sites. The Journal of steroid biochemistry and 
molecular biology, 88(2), 113-122. 

Pickford, D. B., Hetheridge, M. J., Caunter, J. E., Hall, A. T., Hutchinson, T. H. (2003). 
Assessing chronic toxicity of bisphenol A to larvae of the African clawed frog (Xenopus 
laevis) in a flow-through exposure system. Chemosphere, 53(3), 223-235. 

Qu, S., Kolodziej, E. P., Cwiertny, D. M. (2012). Phototransformation rates and mechanisms for 
synthetic hormone growth promoters used in animal agriculture. Environmental science 
technology, 46(24), 13202-13211. 

Qu, S., Kolodziej, E. P., Cwiertny, D. M. (2014). Sorption and mineral-promoted transformation 
of synthetic hormone growth promoters in soil systems. Journal of agricultural and food 
chemistry, 62(51), 12277-12286. 

Rasband, W. S. (2012). ImageJ: Image processing and analysis in Java. Astrophysics Source 
Code Library. 

Ray, P., Zhao, Z., Knowlton, K. F. (2013). Emerging contaminants in livestock manure: 
hormones, antibiotics and antibiotic resistance genes. Sustainable Animal Agriculture, 268-
283. 

Robitaille, J., Langlois., V.S. (2019). Consequences of steroid-5α-reductase deficiency and 
inhibition in vertebrates. Manuscript submitted for publication. 

Säfholm, M., Ribbenstedt, A., Fick, J., Berg, C. (2014). Risks of hormonally active 
pharmaceuticals to amphibians: A growing concern regarding progestagens. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 369(1656). 
https://doi.org/10.1098/rstb.2013.0577 

Satyaswaroop, P.G. et al. (1992) Apparent resistance in human endometrial carcinoma during 
combination treatment with tamoxifen and progestin may result from desensitization 
following downregulation of tumor progesterone receptor. Cancer Lett. 62, 107–114  

Schiffer, B., Daxenberger, A., Meyer, K., Meyer, H. H. D. (2001). The fate of trenbolone acetate 
and melengestrol acetate after application as growth promoters in cattle: Environmental 
studies. Environmental Health Perspectives, 109(11), 1145–1151. 
https://doi.org/10.1289/ehp.01109114. 

Schiffer, B., Totsche, K. U., Jann, S., Kögel-Knabner, I., Meyer, K., Meyer, H. H. (2004). 
Mobility of the growth promoters trenbolone and melengestrol acetate in agricultural soil: 
column studies. Science of the total environment, 326(1-3), 225-237. 

Schindler, A.E., Campagnoli, C., Druckmann, R., Huber, J., Pasqualini, J.R., Schweppe, K.W., 
Thijssen, J.H.H., 2003. Classification and pharmacology of progestins. Maturitas 46, S7–
S16. http://dx.doi.org/10.1016/j.maturitas.2003.09.014.  

Schreiber, A. M., Brown, D. D. (2003). Tadpole skin dies autonomously in response to thyroid 
hormone at metamorphosis. Proceedings of the National Academy of Sciences, 100(4), 
1769-1774. 

Sherlock, S. (1975). Hepatic adenomas and oral contraceptives. Gut, 16(9), 753. 
Shore and Pruden, A. (2009). Hormones and pharmaceuticals generated by concentrated animal 

feeding operations. L. S. Shore (Ed.). Springer New York. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 37 

Swartz, T. M., Miller, J. R. (2019). Managing farm ponds as breeding sites for amphibians: key 
trade‐offs in agricultural function and habitat conservation. Ecological Applications, 29(7), 
e01964. 

Simone, D. A. (1990). The effects of the synthetic steroid 17-alpha-methyltestosterone on the 
growth and organ morphology of the channel catfish (Ictalurus punctatus). Aquaculture, 
84(1), 81–93. https://doi.org/10.1016/0044-8486(90)90302-4 

Steele IV, W. B., Garcia, S. N., Huggett, D. B., Venables, B. J., Barnes III, S. E., La Point, T. W. 
(2013). Tissue-specific bioconcentration of the synthetic steroid hormone 
medroxyprogesterone acetate in the common carp (Cyprinus carpio). environmental 
toxicology and pharmacology, 36(3), 1120-1126. 

Stelmanska, E., Kmiec, Z., Swierczynski, J. (2012). The gender-and fat depot-specific regulation 
of leptin, resistin and adiponectin genes expression by progesterone in rat. The Journal of 
steroid biochemistry and molecular biology, 132(1-2), 160-167. 

Suarez, A. A., Brunt, E. M., Di Bisceglie, A. M. (2001). A 35-year-old woman with progesterone 
implant contraception and multiple liver masses. In Seminars in liver disease (Vol. 21, No. 
03, pp. 453-460). Copyright© 2001 by Thieme Medical Publishers, Inc., 333 Seventh 
Avenue, New York, NY 10001, USA. 

Tang, H., Liu, Y., Li, J., Yin, Y., Li, G., Chen, Y., et al (2016). Gene knockout of nuclear 
progesterone receptor provides insights into the regulation of ovulation by LH signaling in 
zebrafish. Scientific reports, 6, 28545. 

Tian, J., Kim, S., Heilig, E., Ruderman, J. V. (2000). Identification of XPR-1, a progesterone 
receptor required for Xenopus oocyte activation. Proceedings of the National Academy of 
Sciences, 97(26), 14358-14363. 

Thomson, P., Langlois, V. S. (2018). Developmental profiles of progesterone receptor transcripts 
and molecular responses to gestagen exposure during Silurana tropicalis early 
development. General and Comparative Endocrinology, 265(May), 4–14. 
https://doi.org/10.1016/j.ygcen.2018.05.017 

Traish, A. M., Melcangi, R. C., Bortolato, M., Garcia-Segura, L. M., Zitzmann, M. (2015). 
Adverse effects of 5α-reductase inhibitors: What do we know, don’t know, and need to 
know?. Reviews in Endocrine and Metabolic Disorders, 16(3), 177-198. 

USEPA, 2012. EPI SuiteTM (Estimation Programs Interface). United States Environmental 
Protection Agency, Washington, D.C., USA http://www.epa.gov/ 
oppt/exposure/pubs/episuite.htm  

Ziková, A., Lorenz, C., Hoffmann, F., Kleiner, W., Lutz, I., Stöck, M., Kloas, W. (2017). 
Endocrine disruption by environmental gestagens in amphibians – A short review 
supported by new in vitro data using gonads of Xenopus laevis. Chemosphere, 181, 74–82. 
https://doi.org/10.1016/j.chemosphere.2017.04.021 

Zucchi, S., Castiglioni, S., Fent, K. (2012). Progestins and antiprogestins affect gene expression 
in early development in zebrafish (Danio rerio) at environmental concentrations. 
Environmental Science Technology, 46(9), 5183–5192. https://doi.org/10.1021/es300231y 

Zucchi, S., Mirbahai, L., Castiglioni, S., Fent, K. (2014). Transcriptional and physiological 
responses induced by binary mixtures of drospirenone and progesterone in zebrafish 
(Danio rerio). Environmental science technology, 48(6), 3523-3531. 

Waxman, D. J., Attisano, C., Guengerich, F. P., Lapenson, D. P. (1988). Human liver 
microsomal steroid metabolism: identification of the major microsomal steroid hormone 
6β-hydroxylase cytochrome P-450 enzyme. Archives of biochemistry and 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 38 

biophysics, 263(2), 424-436. 
Williams, J. R., Rayburn, J. R., Cline, G. R., Sauterer, R., Friedman, M. (2015). Effect of allyl 

isothiocyanate on developmental toxicity in exposed Xenopus laevis embryos. Toxicology 
reports, 2, 222-227. 

Wright, M. L., Cykowski, L. J., Lundrigan, L., Hemond, K. L., Kochan, D. M., Faszewski, E. E., 
Anuszewski, C. M. (1994). Anterior pituitary and adrenal cortical hormones accelerate or 
inhibit tadpole hindlimb growth and development depending on stage of spontaneous 
development or thyroxine concentration in induced metamorphosis. Journal of 
experimental zoology, 270(2), 175-188. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



0 2 4 6 8 10 12 14 16 18 20 22 24

0

25

50

75

100

SC

P4-L

P4-M

P4-H

P4-M + MGA

MGA

1 3 5 7 9 11 13 15 17 19 21 23 25

0

25

50

75

100

Weeks

SC

P4-L

P4-M

P4-H

P4-M + MGA

MGA

O
cc
ur
re
nc
e
(%
)

Weeks

a

O
cc

ur
re

nc
e 

(%
)

A

B

1 3 5 7 9 11 13 15 17 19 21 23 25

0

25

50

75

100

Weeks

O
cc

ur
re

nc
e 

(%
)

SC

P4 L

P4 M

P4 H

P4 + MGA

MGA

1 3 5 7 9 11 13 15 17 19 21 23 25

0

25

50

75

100

Weeks

O
cc

ur
re

nc
e 

(%
)

SC

P4 L

P4 M

P4 H

P4 + MGA

MGA

SC

P4 L

P4 M

P4 H

P4 + MGA

MGA

b

1 3 5 7 9 11 13 15 17 19 21 23 25

0

25

50

75

100

Weeks

O
cc

ur
re

nc
e 

(%
)

SC

P4-L

P4-M

P4-H

P4-M + MGA

MGA

1 3 5 7 9 11 13 15 17 19 21 23 25

0

25

50

75

100

O
cc

ur
re

nc
e 

(%
) SC

P4-L

P4-M

P4-H

P4-M + MGA

MGA

O
cc
ur
re
nc
e
(%
)

Weeks

A

O
cc

ur
re

nc
e 

(%
)

A

B

1 3 5 7 9 11 13 15 17 19 21 23 25

0

25

50

75

100

Weeks

O
cc

ur
re

nc
e 

(%
)

SC

P4 L

P4 M

P4 H

P4 + MGA

MGA

1 3 5 7 9 11 13 15 17 19 21 23 25

0

25

50

75

100

Weeks

O
cc

ur
re

nc
e 

(%
)

SC

P4 L

P4 M

P4 H

P4 + MGA

MGA

SC

P4 L

P4 M

P4 H

P4 + MGA

MGA

B

1 3 5 7 9 11 13 15 17 19 21 23 25

0

25

50

75

100
O

cc
ur

re
nc

e 
(%

) SC

P4-L

P4-M

P4-H

P4-M + MGA

MGA

Figure 1 Click here to access/download;Figure;Figure 1.pdf

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://www.editorialmanager.com/aect/download.aspx?id=133338&guid=1e06e94c-b5c8-49ff-9944-72365b163f64&scheme=1
https://www.editorialmanager.com/aect/download.aspx?id=133338&guid=1e06e94c-b5c8-49ff-9944-72365b163f64&scheme=1


0.0

0.5

1.0

1.5

Le
ng

th
 (c

m
)

A) SVL

* *

0.0

0.5

1.0

1.5

C) IOD

Le
ng

th
 (c

m
)

* *

S
C L M H

P
4-

M
 +

 M
G

A

M
G

A

0.0

0.5

1.0

1.5

H
SI

F) HSI

* **

P4

0.0

0.5

1.0

1.5

2.0

2.5

B) HLL

Le
ng

th
 (c

m
)

* *

S
C L M H

P
4-

M
 +

 M
G

A

M
G

A

0.0

0.2

0.4

0.6

0.8

R
SI

E) RSI

* *

P4

S
C L M H

P
4-

M
 +

 M
G

A

M
G

A

0.0

0.5

1.0

1.5

M
as

s 
(g

)

D) Body weight

* *

P4

a b

e

c

fd

Figure 2 Click here to access/download;Figure;Figure 2.pdf

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://www.editorialmanager.com/aect/download.aspx?id=133339&guid=56695c09-f38a-449d-a824-31fda482081f&scheme=1
https://www.editorialmanager.com/aect/download.aspx?id=133339&guid=56695c09-f38a-449d-a824-31fda482081f&scheme=1


b

Aa

S
C L M H

P
4 

+ 
M

G
A

M
G

A

S
C L M H

P
4 

+ 
M

G
A

M
G

A

S
C L M H

P
4 

+ 
M

G
A

M
G

A

S
C L M H

P
4 

+ 
M

G
A

M
G

A0.0

0.5

1.0

1.5

2.0

2.5

R
el

at
iv

e 
m

R
N

A 
le

ve
l

GMC

srd5α1 ipgr erα 

P4

pgrmc1

a
a,b

a,b
b

a,b

b

a

a

b

a

b
a,b

P4P4 P4

b
a,b

a

a

a

a
a,b

a
a

b

a
a

S
C L M H

P
4-

M
 +

 M
G

A

M
G

A

S
C L M H

P
4-

M
 +

 M
G

A

M
G

A

S
C L M H

P
4-

M
 +

 M
G

A

M
G

A

S
C L M H

P
4-

M
 +

 M
G

A

M
G

A0.0

0.5

1.0

1.5

2.0

2.5   srd5α1  

R
el

at
iv

e 
m

R
N

A 
le

ve
l

Brain

gabra6srd5α3 erα

a

b

a,b

a,b
a

b

a,b
a

b

a,b a,b

a

a,b

b
a,b

P4 P4P4P4

a a

a,b

a,b
a,b

a a
a

a

Figure 3 Click here to access/download;Figure;Figure 3.pdf

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://www.editorialmanager.com/aect/download.aspx?id=133340&guid=90ba3a00-f3f3-42af-8d8c-cdb3244e7d65&scheme=1
https://www.editorialmanager.com/aect/download.aspx?id=133340&guid=90ba3a00-f3f3-42af-8d8c-cdb3244e7d65&scheme=1


  

Supplemental Information

Click here to access/download
Supplemental Information

SI Thomson et al. 2021.docx

https://www.editorialmanager.com/aect/download.aspx?id=133341&guid=42d3bdc5-4746-4681-b7a9-6d00709a0b76&scheme=1

