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A B S T R A C T   

Several chemicals have been identified as thyroid hormone axis disrupting chemicals (THADCs) able to interfere 
with the thyroid hormone system during fetal life and early life stages, thereby impairing neurodevelopment in 
mammals and inducing development and growth disorders in fish and amphibians. However, identification of 
THADCs is particularly challenging, and thyroid modalities are currently only assessed in vivo by mammalian and 
amphibian tests. The aquatic African clawed frog (Xenopus laevis/tropicalis) is the model species of the amphibian 
test guidelines developed by the OECD and the United States Environmental Protection Agency, but as most 
European amphibians are semi-aquatic, concern has been raised whether the sensitivity of native European 
species is comparable to Xenopus. A shortened version of the OEDC test guideline 241 (Larval Amphibian Growth 
and Development Assay, LAGDA) was used to investigate the effects of two model THADCs on the metamorphosis 
and thyroid histopathology in the European common frog (Rana temporaria). R. temporaria eggs were collected on 
the field and exposed till metamorphic climax to sodium perchlorate (11.9–426.5 μg/L perchlorate concentra-
tions) and 6-propylthiouracil (PTU: 1.23–47.7 mg/L). PTU severely delayed metamorphosis and affected several 
thyroid gland histopathological endpoints at slightly lower concentrations compared to Xenopus. As opposed to 
what was described in similar Xenopus studies, we observed no effect of perchlorate on the investigated end-
points. Interspecies differences may be linked to mechanisms of action.   

1. Introduction 

Over the last decades increasing evidence has pointed to a global 
decline of amphibian and reptile populations, and amphibians are at 
present the most endangered vertebrate group. According to the IUCN 
Red List of Threatened Species, 41% of amphibian species are threat-
ened with extinction worldwide (IUCN, 2021). The IUCN (Stuart et al., 
2008) has identified habitat loss as the most significant threat to am-
phibians in Europe, followed by environmental pollution, and diseases, 
acting in synergy with global climate change caused by greenhouse gas 
emissions. Most amphibian species have a complex semi-aquatic life 
cycle, with both aquatic and terrestrial life stages, and are consequently 
subjected to different sources and routes of exposure. For example they 
can be exposed to pesticides during aquatic life stages via agricultural 
run-offs, and during terrestrial life stages by direct overspray in 

agricultural fields (Ockleford et al., 2018). This already complex expo-
sure scenario is further complicated as gas exchange in amphibians oc-
curs partly through their very permeable skin, which also favors 
cutaneous exposure to chemicals. 

Some endocrine disrupting compounds (EDCs) including certain 
pesticides, industrial compounds (e.g., perchlorate), pharmaceuticals (e. 
g., PTU or methimazole - Yoshihara et al., 2019), flame retardants, and 
fluorinated compounds are identified as thyroid hormone axis disrupt-
ing chemicals (THADCs), having the potential to disrupt vertebrate 
thyroid hormone signaling through multiple molecular targets 
(reviewed by Calsolaro et al., 2017). The effects at the molecular level 
can lead to changes in circulating thyroid hormone levels resulting in 
detrimental effects such as increased risk of neurodevelopmental dis-
orders in mammals (reviewed by Moog et al., 2017). Amphibians are 
particularly sensitive to THADCs due to their TH-dependent 
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metamorphosis (Couderq et al., 2020), and the role of the thyroid system 
in other critical biological functions like neurodevelopment, meta-
bolism, stress, reproduction, and growth (Fort et al., 2007). Meta-
morphosis in amphibians is largely driven by the thyroid hormones 
L-thyroxine (T4) and 3,3′,5-triiodo-L-thyronine (T3), which are 
iodine-containing hormones synthesized in the thyroid tissue. 
THADC-induced variations in thyroid hormone levels could also interact 
with other environmental stress factors such as water temperature 
during development, further leading to decreased survival or fitness 
(Ruthsatz et al., 2020; Thambirajah et al., 2019). 

In the late 1990’s, both the OECD and the United States Environ-
mental Protection Agency (US EPA) initiated activities to revise existing 
and to develop new test guidelines (TGs) for the screening and testing of 
EDCs. The main focus has been chemicals interfering with estrogen and 
androgen receptor binding, signaling pathways and metabolism, but 
over the years, research expanded to also include the multiple pathways 
involved in thyroid hormone homeostasis and signaling. However, 
identification of THADCs is particularly challenging due to the multiple 
modes of action through which thyroid disruption can occur. Thyroid 
modalities are currently only investigated in mammalian and amphibian 
TGs, but work is ongoing to develop thyroid sensitive endpoints in 
existing fish test too. Three amphibian TGs including thyroid sensitive 
endpoints have been developed:  

• The 21-day Amphibian Metamorphosis Assay (AMA), OECD TG 231 
and US EPA TG809.1100 (OECD, 2009);  

• The 16-week Larval Amphibian Growth and Developmental Assay 
(LAGDA), OECD TG 241 and US EPA 890.2300 (OECD, 2015); and  

• The Xenopus Eleutheroembryonic Thyroid Assay (XETA), a short- 
term test using transgenic embryos, OECD TG 248 (OECD, 2019). 

The African clawed frog (Xenopus laevis) and the tropical clawed frog 
(Xenopus (Silurana) tropicalis) are model amphibian species in all three 
tests, because the genome has been sequenced, spawning can be induced 
and they are easily bred under laboratory conditions (Mitros et al., 
2019). As Xenopus species have a 100% aquatic life cycle, the chemical 
exposure scenario is not comparable to most other amphibian species 
having a semi-aquatic life cycle. Consequently, the extent to which re-
sults obtained from tests with Xenopus are protective of other amphibian 
species regarding ecological risk assessment of THADCs is unknown. 

Therefore, we used a shortened LAGDA set-up (OECD, 2015) to 
investigate the sensitivity of the European common frog Rana temporaria 
compared to Xenopus. This question is indeed critical, if we want to make 
sure that the chemicals that are deemed safe for the environment when 
tested with Xenopus, would not affect other amphibian species. 

The European common frog R. temporaria is present in most Euro-
pean countries (Ruthsatz et al., 2020; Teacher et al., 2009), and is the 
most common frog in Denmark. The breeding season starts late March or 
early April, when the adult frogs migrate from their winter nests to 
nearby ponds, lakes and streams. Each couple produce clutches of 
several hundred eggs, which develop into tadpoles and reach meta-
morphic climax after approximately two months at mean water tem-
peratures increasing from around 8 to 18◦. 

Two well-known THADCs previously tested in Xenopus, sodium 
perchlorate and 6-propylthiouracil (PTU), were selected as test 
compounds. 

Perchlorate is naturally present in the environment and has been 
unintentionally applied on agricultural areas by using nitrate fertilizers 
containing perchlorate as an impurity, hence leading to trace contami-
nation in vegetables and drinking water. Perchlorate salts are also pro-
duced commercially for use as oxidizers in rocket propellants, fireworks, 
munitions, matches and air-bag inflators, constituting another source of 
environmental pollution (Cao et al., 2019). Perchlorates are efficient 
inhibitors of the sodium-iodide-symporter (NIS) responsible for the 
transport of iodine into the thyroid follicle cells (ECHA, 2016), and have 
been shown to delay development and cause histopathological changes 

in thyroid tissue in Xenopus (Opitz et al., 2005; Ortego et al., 2021; 
Tietge et al., 2010, 2005) and fish (Schmidt et al., 2017). 

PTU is a pharmaceutical used to treat hyperthyroidism (Yoshihara 
et al., 2019) as it interferes with T4 and T3 biosynthesis in the thyroid 
gland via inhibition of the thyroid peroxidase (TPO), and it affects 
conversion of T4 to T3 in target tissues by inhibiting the deiodinase 
enzymes (DIO). PTU has been shown to delay metamorphosis and in-
crease growth in Xenopus (Carlsson and Norrgren, 2007; Degitz et al., 
2005; Opitz et al., 2005), and to cause histopathological changes in 
thyroid tissue of Xenopus (Carlsson and Norrgren, 2007; Degitz et al., 
2005; Tietge et al., 2010) and fish (Schmidt et al., 2017). 

The overall aims were to study the sensitivity of R. temporaria to two 
model THADCs, sodium perchlorate and 6-Propylthiouracil (PTU), as 
compared to the model amphibian species (Xenopus), and to investigate 
possible new endpoints for identification of THADCs in amphibians. 

Here we demonstrate a comparable but slightly higher sensitivity of 
R. temporaria towards PTU compared to Xenopus, but while effects of 
perchlorate have been demonstrated in Xenopus, no effects were 
observed in R. temporaria. These results suggest that the sensitivity of 
different species within the same taxon is to some extent comparable but 
could depend on the chemicals’ mode of action, and care should be 
taken when extrapolating results of tests made on Xenopus to other 
amphibian species. 

2. Materials and methods 

2.1. Test compounds 

The experiments were performed in 2018 (perchlorate) and 2019 
(PTU). Sodium perchlorate monohydrate (NaClO4*H2O) (CAS: 7791-07- 
3), and 6-propyl-2-thiouracil (PTU) (CAS: 51-52-5) were purchased from 
Sigma-Aldrich, Denmark (98% purity), and stock solutions were pre-
pared in tap water (PTU) or deionized water (perchlorate). 

2.2. Collection of eggs and experimental setup 

Clutches of fertilized eggs of the common frog were collected from 
the outlet of a local pond not affected by agricultural runoff or sewage 
outlets (55.380317, 10.461006). Eggs were collected on April 20th 
(2018), and April 11th (2019), and transported in pond water to the 
laboratory at University of Southern Denmark. The following day, 
respectively 50 (2018), and 28 (2019) eggs from at least 5 different egg 
clutches were transferred to each of 24 exposure tanks. 

Both experiments (perchlorate in 2018 and PTU in 2019) were 
designed based on a shortened LAGDA (OECD, 2015) protocol, and 
exposure were done from the egg developmental stage, till metamorphic 
climax (i.e., at developmental stage 42, Gosner, 1960), after approxi-
mately 2 months. The setup consisted of 24 glass tanks (9 L) with a water 
volume of around 7 L, comprising 8 control tanks and 4 replicate tanks 
for each four test concentrations. The chosen concentrations were of the 
same ranges as what was used in similar experiments using Xenopus, 
both for perchlorate (Opitz et al., 2009; Tietge et al., 2010, 2005), and 
for PTU (Carlsson and Norrgren, 2007; Degitz et al., 2005; Opitz et al., 
2005). Nominal concentrations were of 0, 16, 51, 163, and 522 µg/L for 
sodium perchlorate (2018), and 0, 1.5, 4.8, 15.6, and 50 mg/L for PTU 
(2019) (Table 1). 

The experiments were set-up in a room at a constant temperature 
between 16 and 17 ◦C, with a photoperiod of 12 h light/12 h dark. To 
maintain constant concentrations of the chemicals throughout the ex-
periments, a flow through system was used, with a water exchange of 
five (perchlorate) and three (PTU) times per 24 h. The water supply was 
ground water delivered by the local public water work (pH 7.6–7.75 and 
conductivity 580–620 µS). The test compounds and tap water were 
delivered by Ole Dich peristaltic pumps and mixed before entering the 
exposure tanks. Water samples were collected twice a week to check the 
concentrations of the test compounds. O2 concentrations remained 
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above 50%. 
When the first individuals were approaching developmental stage 

25, where external feeding begins, the tadpoles were fed ad libitum 
every day with Tetra Tablets TabiMin, one or two times per day, and 
excess food and feces was siphoned off after a few hours. 

2.3. Sampling 

Sampling took place on June 6th to 8th (2018), and on May 22nd and 
23rd (2019). The tadpoles were euthanized in buffered Tricaine Meth-
anesulfonate MS-222 (0.1 g/L), rinsed in tap water and blotted dry 
before being weighed. Two pictures of each tadpole were taken with an 
Ipad and the following biometric measurements were made: total length 
(TL), hind limb length (HLL), snout-vent length (SVL). The develop-
mental stage (Gosner, 1960) of each tadpole was determined by a close 
examination of the pictures (perchlorate, 2018) or under a microscope 
during sampling and examination of pictures (PTU, 2019). One out of 
two frogs were put in a 15 mL Sarstedt tubes and snapped frozen in 
liquid nitrogen until hormone analysis could be performed, and the 
remaining tadpoles were fixed in Bouins’ fixative (CAS 37330-50-0) for 
24 h and then kept in 70% ethanol until use (Table 2). In 2018 
(perchlorate), the mortality was low (< 5%) until day 44 of exposure but 
then increased markedly, and it was decided to end the experiment after 
an experimental duration of 47 days (sampling on day 47–49). Based on 

this experience, the experiment in 2019 (PTU) was terminated after an 
experimental period of 41 days (Sampling on day 41–42), and the 
mortality in 2019 was kept below 15% over the entire experimental 
period (Table 2). 

2.4. Histology of the thyroid gland 

The head of the tadpoles was separated from the body with a scalpel 
and embedded in paraffin after dehydration in graded series of ethanol 
and clearing in Tissue Clear using a tissue processor (Microm HMP110). 
Transversal sections of 5 µm were cut starting from the neck, using a 
motorized rotary microtome (Thermo scientific Microm HM 355S). 
When reaching the right thyroid gland, identified by studying the slides 
with a light microscope, 4 successive sections were collected every 12 
sections until the area of the gland started to decrease. A minimum of 
four slides with four successive sections was thus collected for each 
individual. 

Slides were stained with Mayer’s hematoxylin (Sigma Aldrich®) and 
eosin (Y-solution 0.5% aqueous for microscopy, Merck) using an auto-
mated slide stainer (Sakura Tissue-Tek DRSTM), and covered with a 
cover glass using GlasTM Tissue MountTM (Sakura Tissue-Tek®) as a 
mounting agent. 

For each of the 2018 samples (perchlorate), one slide comprising the 
sections with the biggest thyroid area was selected and scanned on a 
NanoZoomer 2.0 HT (Hamamatsu Photonics, Herrsching am Ammersee, 
Germany) from the National hospital of Copenhagen. For the 2019 
samples (PTU), three consecutive slides, where the thyroid area was the 
widest were selected, and pictures of each section on these slides were 
taken with NIS – Element AR software version 4.60.00 64-bit using a 
microscope Nikon Eclipse Ti and an Imaging Source USB3.0 color 
camera connected to a computer. 

2.5. Thyroid histopathology measurements 

All measurements were done using ImageJ (Fiji for windows 64 bits, 
Java 8) (Rueden et al., 2017). For the 2018 samples (perchlorate), pic-
tures of the thyroids were extracted from the slide scans (ndpi format) 
using the NDP.view2 software version 2.9.25 (Hamamatsu Photonics) 
before analyses on ImageJ, two sections separated by one section were 
selected for each sample. For the 2019 samples (PTU), the area of the 
right thyroid gland was measured in several sections of the three 
selected slides to find the section with the largest thyroid gland area. 
This section, along with another one from another slide, were selected 
for further measurements. 

For each selected section several quantitative data were collected: 
the thyroid gland area, the number of follicles, the area of three follicles 
and the area of their lumen, and for each selected follicle, the length and 
width of four follicle cells (at 12, 3, 6 and 9 o’clock). Besides, qualitative, 
and semi-quantitative data were recorded, comprising follicle cell hy-
perplasia and follicle cell hypertrophy as described in Grim et al. (2009), 
and the general aspect of the follicles and the colloids (Table 3). The 

Table 1 
Nominal and actual exposure concentrations of perchlorate (2018) and PTU 
(2019).  

2018 
(perchlorate) 

Nominal sodium 
perchlorate 
concentrations (µg/L) 

Actual perchlorate 
concentrations (µg/ 
L) 

SEM N (n =
11, 12 
per 
tank)  

522 426.5 4.34 47 (4 
tanks)  

163 131.2 1.23 48 (4 
tanks)  

51 40.9 0.39 48 (4 
tanks)  

16 11.9 0.27 47 (4 
tanks)  

0.0 0.0 0.0 96 (8 
tanks) 

2019 (PTU) Nominal PTU 
concentrations 
(mg/L) 

Actual PTU 
concentrations 
(mg/L) 

SEM N (n ¼
12 per 
tank)  

50 47.7 0.52 48 (4 
tanks)  

15.6 13.6 0.17 48 (4 
tanks)  

4.8 4.37 0.05 48 (4 
tanks)  

1.5 1.23 0.02 48 (4 
tanks)  

0.0 0.0 0.0 96 (8 
tanks)  

Table 2. 
Survival and number of individuals used for perchlorate (2018) and PTU (2019) experiments.   

Concentrations (µg/L for perchlorate and 
mg/L for PTU) 

Initial number of 
tadpoles 

Number of tank 
replicates 

Tadpoles sampled at the end of the 
experiment 

Tadpoles used for 
histopathology 

Perchlorate 0 400 8 163 70 
11.9 200 4 100 39 
40.9 200 4 93 37 
131.2 200 4 82 24 
426.5 200 4 72 25 

PTU 0 224 8 202 98 
1.23 112 4 96 48 
4.37 112 4 104 49 
13.6 112 4 98 49 
47.7 112 4 98 46  
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amount of colloid resorption droplets (CRDs) was also assessed using the 
same scaling system as for follicle cell hyperplasia and hypertrophy 
(Table 3). As the amount of blood cells in the thyroid gland seems to vary 
between treatments, we used similar severity levels to assess this 
endpoint (Table 3). Follicle circularity was calculated using the same 
formulae as in Furin et al. (2015), except that we included the epithelial 
cells when measuring the perimeter and area of follicles: 

follicle circularity = 4 п
follicle area

follicle perimeter2  

2.6. Quantification of chemical concentrations in the water 

The actual exposure concentrations of perchlorate and PTU were 
determined by high-performance liquid chromatography-tandem mass 
spectrometry (HPLC-MSMS). The nominal and actual concentrations are 
shown in Table 1, actual concentrations of perchlorate and PTU are used 
to present and discuss the results. 

HPLC-MSMS analysis were performed on a 6410 Triple Quad LC/MS 
combined with an HPLC 1200 series (Agilent Technologies, Santa Clara 
CA 95051, USA), and with an HPLC column KP-RPPX 4.6 × 250 mm, 5 
µm (P/N KPPRX250) from (K’Prime Technologies, NE Calgary, Canada) 
for the perchlorate analyses, and a Zorbax Eclipse XDB C18 4.6 × 50 mm, 
1.8 µm Rapid Resolution HT (Agilent Technologies, Santa Clara CA, 
USA) for the PTU analyses. 

Acetonitrile (cat. No. RA 1016) used in HPLC solvents was supplied 
by Rathburn Chemicals ltd., Walkerburn Scotland. Acetic Acid Acid 
(Sigma 33209), methanol and formic acid used in HPLC solvents were 
supplied from Sigma-Aldrich Chemie, Steinheim Germany. 

2.6.1. Perchlorate 
All chromatographic experiments were carried out in isocratic mode, 

using a mobile phase of A: 0.1 % acetic acid, and B: Acetonitrile, 0.1 % 
acetic acid (65%, 35%) at a flow rate of 0.8 mL/min. The column was 
thermostat controlled at 30 ◦C. 10 µl was injected with needlewash in 
flushport for 1 s. Quantitative analysis was carried out using multi re-
action mode (MRM) in ESI negative mode for the precursor ion 98.9 m/z 
and the Quantifier ion 83.0 m/z. 

Optimized conditions for perchlorate were: Fragmentor: 79 V, 
collision energy: 30 V, drying gas flow: 11.0 l/min, nebulizer pressure: 
45 psig, drying gas temperature: 325 ◦C, and capillary voltage: 4000 V. 

2.6.2. PTU 
All chromatographic experiments were carried out in isocratic mode, 

using a mobile phase of A: 0.1 % formic acid, and B: Methanol, 0.1 % 
formic acid (60%, 40%) at a flow rate of 0.3 mL/min. The column was 
thermostat controlled at 70 ◦C. 10 µl was injected with needlewash in 
flushport for 1 s. Quantitative analysis was carried out using multi re-
action mode (MRM) in ESI negative mode for the precursor ion 168.9 m/ 
z and the Quantifier ion 58.0 m/z. Optimized conditions for PTU were: 
Fragmentor: 100 V, collision energy: 10 V, drying gas flow: 11.0 l/min, 
nebulizer pressure: 35 psig, drying gas temperature: 350 ◦C, and capil-
lary voltage: 4000 V. 

2.7. Statistics 

All statistics and plots were done on R version 4.0.5 (RCoreTeam, 
2021), and graphs were produced using the package ggplot2 (Wickham, 
2009). 

Mortality for the 2018 experiment (perchlorate) was assessed using a 
Rao-Scott-Cochran-Armitage trend test, with the RS.trend.test() func-
tion, from the CorrBin R package (Szabo and George, 2010). 

The effects of perchlorate and PTU on developmental stages were 
analyzed using a specially designed R script, following the steps 
described in Green et al. (2018) to conduct a multiquantal 
Jonckheere-Terpstra test, with the jonckheereTerpstraTest() function, 
from the StatCharrms R package. 

For biometric data and quantitative histopathological data, 
normality of the distributions and homoscedasticity of the variances 
were checked using a Shapirós and a Levene’s tests respectively. A 
Dunnett’s test or a Tamhane Dunnett’s test, in case of heteroscedasticity 
of variances, were performed on tank means, to compare each treatment 
with the control. 

A generalized linear model with a Poisson distribution, followed by a 
Dunnett’s test was used to assess the effect of treatments on the number 
of follicles. 

Thyroid histopathology severity scores for follicular cell hypertro-
phy, follicular cell hyperplasia, CRDs, blood cells, follicle collapse, and 
colloid aspect were analyzed with a Rao-Scott-Cochran-Armitage By 
Slices (RSCABS) using the RSCABS R package (Green et al., 2014). 

3. Results 

3.1. Measured chemical concentrations in the water 

Perchlorate and PTU concentrations in the tanks were maintained 
close to nominal concentrations throughout the experiments (Table 1). 

3.2. Mortality 

For the perchlorate experiment, a high mortality occurred in all 
treatments when the tadpoles approached metamorphic climax, and 
consequently the experiment had to be ended earlier than initially 
planned. Final survival rates were 40.7, 50, 46.5, 41, and 36 %, 
respectively for controls, 11.9, 40.9, 131.2, and 426.5 μg/L perchlorate 
(Table 2), but survival rates for perchlorate treatments were not 
significantly different from the control. Survival was above 85 % for all 
PTU treatments and no difference in mortality was observed between 
control and exposure tanks (Table 2). 

3.3. Developmental stages 

Perchlorate exposure did not affect the development but PTU 
significantly delayed development at the two highest tested concentra-
tions (Fig. 1). Tadpoles exposed to 13.6 mg/L and 47.7 mg/L PTU 
reached up to developmental stage 37 and 36 respectively (as compared 
to stage 42 in controls), with a respective median at developmental stage 
36 and 35 (as compared to 39 in controls). 

Table 3. 
Severity grading scheme for colloid resorption droplets (CRDs), bloods cells, 
follicle collapse, and colloid aspect.  

Grade Presence of 
CRDs 

Blood cells Follicle collapse Colloid aspect 

0 CRDs are 
present in 
fewer than 
20% of the 
colloid 
surface 

No blood 
cells 
observed 
within the 
thyroid gland 

No observed 
collapse – 
follicles are 
open 

Homogeneous 

1 CDRs are 
present in 
30%-50% of 
the colloid 
surface 

A few blood 
cells 
observed 
within the 
thyroid gland 

Follicles 
partially 
collapsed – 
follicles are flat, 
partially closed 

Homogeneous or 
granular 

2 CRDs are 
present in 
60%-80% of 
the colloid 
surface 

Some blood 
cells 
observed 
within the 
thyroid gland 

Follicle collapse 
– follicles are 
nearly or 
completely 
closed 

Granular 

3 CRDs are 
present in 
over 80% of 
the colloid 
surface 

A lot of blood 
cells 
observed 
within the 
thyroid gland  

Reduced lumen 
area, colloid 
depletion or 
colloid full of CRD  
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Fig. 1. Percentage of tadpoles in each developmental stage (Gosner, 1960) at the end of the experiments with perchlorate (2018), and PTU (2019).  

Fig. 2.. Biometric data as a function of developmental stage in controls (A, D, G), and as a function of perchlorate (B, E, H) and PTU concentrations (C, F, I). Body 
weight (A–C), total body length (D–F), and hindlimb length (G– I). For the control plots, the curves were fitted using a LOESS local polynomial regression. The effects 
of perchlorate and PTU on the different endpoints are represented using violin plots, consisting of mirrored density plots, displayed as boxplots. Means are repre-
sented as black dots and standard deviations as error bars. ***: p.value < 0.001, Tamhane Dunnett’s test on means per tank. 
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Because development stages strongly affect the other studied end-
points (e.g., the thyroid gland size), interpretation of the results obtained 
from PTU exposures should take into account this PTU-induced devel-
opmental delay. Therefore, the results for the two highest concentra-
tions of PTU need to be compared with controls from developmental 
stages 36 and 35. Accordingly, we represented the results for perchlorate 
and PTU experiments along with the corresponding graphs of the 
endpoint measurements as a function of development stages in controls 
(Figs. 2 and 3). 

3.4. Biometric data 

Perchlorate did not influence any of the biometric measures, whereas 
PTU significantly increased body weight from 13.6 mg/L, and total 
length only at 13.6 mg/L (Fig. 2C and F). While not significant when 
pooling the data for all developmental stages (Fig. 2F), PTU has prob-
ably also an effect on total length at 47.7 mg/L, which is masked by the 
observed delay in development. Indeed, looking at the data in a devel-
opmental stage dependent way (Fig. S2), tadpoles exposed to 13.6 and 
47.7 mg/L reached a mean total length of 57.48 ± 10.24 mm and 52.92 
± 8.61 mm, respectively, while the expected total length at develop-
mental stages 35 and 36 is on average 41.24 ± 5.94 mm in controls 
(Fig. 2D). 

Hindlimb length (HLL) significantly decreases from 4.37 mg/L PTU, 
but the observed values of hindlimb length for tadpoles exposed to 13.6 
and 47.7 mg/L PTU (respectively 3.36 ± 0.94 mm and 2.89 ± 0.68 mm) 
(Fig. 2I) are consistent with what is expected in control tadpoles at 
developmental stages 35, 36 (i.e., 4.125 ± 1.09 mm) (Fig. 2G). As HLL is 
strongly correlated to developmental stage (Fig. 2G), this effect on 
hindlimb length is probably only a result of PTU induced delay in 
development. 

3.5. Thyroid histopathology 

No effect of perchlorate exposure was observed on thyroid histopa-
thology, except for a small decrease in follicular cell hypertrophy at 40.9 
and 131.2 µg/L (Figs. 3 and 4). 

PTU significantly affects thyroid gland hypertrophy and increases 
follicle surface area at all tested concentrations (Figs. 3 and 5). Thyroid 
gland surface area is on average four and three times as big as for con-
trols, for 13.6 and 47.7 mg/L PTU respectively (Figs. 3 and 5). PTU also 
significantly increased the number of follicles at 13.6 and 47.7 mg/L 
PTU (respectively 42 ± 17 and 38 ± 17 follicles) as compared to controls 
(22 ± 8 follicles). Decreased follicle circularity, and increased follicle 
cell height were observed at 13.6 and 47.7 mg/L PTU (Fig. 3O and R), 
and increases in the occurrences of moderate follicular cell hyperplasia, 
and moderate or severe follicular cell hypertrophy were observed from 
4.37 mg/L PTU (Fig. 4G and H). 

In addition to standard endpoints, we used a severity grade system to 
assess the effects of PTU on the occurrences of colloid resorption drop-
lets (CRDs), blood cells, follicle collapse, and colloids with a granular 
aspect (Table 3). We found a concentration dependent increase in the 
number of CRDs and follicle collapse from 4.37 mg/L PTU, and an in-
crease in the number of blood cells and colloids presenting a granular 
aspect from 13.6 mg/L PTU (Fig. 4). 

4. Discussion 

The effects of long-term exposure to perchlorate and PTU on thyroid 
gland histopathology, developmental stage and apical morphological 
endpoints in the European common frog R. temporaria were investigated 
in a set-up comparable to the LAGDA protocol (TG 241 OECD, 2015) 
albeit with shorter duration. Among the investigated endpoints thyroid 
gland surface area and mean follicle surface area were most sensitive to 
PTU, with a LOEC at the lowest test concentration (1.23 mg/L) (Table 4) 
and no NOEC could be established. In contrast, perchlorate 

concentrations up to 426.5 μg/L did not lead to any significant effects, as 
opposed to what was previously observed in Xenopus. 

4.1. General discussion on applying a shortened LAGDA set-up on Rana 
temporaria 

4.1.1. Mortality and design of the set-up in R. temporaria 
The initial set-up aimed at following the LAGDA guideline (OECD, 

2015) until after metamorphic climax (i.e., after developmental stage 
42). However, the experiments had to be ended slightly earlier due to 
mortality observed in all treatment and control groups during meta-
morphic climax in the first experiment (perchlorate, 2018) (Table 2). 
High mortality was also observed in controls in other studies with 
R. temporaria (Brande-Lavridsen et al., 2010; Carlsson, 2019), and could 
be due to the transition of tadpoles from aquatic to terrestrial 
environments. 

4.1.2. Consequences of PTU-induced delay in development on data 
interpretation 

The most striking result after exposure to PTU was a strong delay in 
development, resulting in tadpoles exposed to the two highest concen-
trations of PTU having lower developmental stages than control tadpoles 
at the end of the experiment. As developmental stages strongly influence 
the other studied endpoints, this PTU-induced delay in development 
made it more difficult to compare the results with the controls. Ortego 
et al. (2021) recently published a paper describing an Extended 
Amphibian Metamorphosis Assay (EAMA), where they suggest sampling 
the tadpoles at a fixed developmental stage instead of after a specific 
time of exposure. Indeed, ending the test when the tadpoles reach the 
same stage would avoid having the confounding effects of different 
developmental stages on the studied endpoints, which was observed in 
the present study. The authors further argued that, measuring the time 
to metamorphosis (quantitative data), instead of the developmental 
stages at the end of the experiment (qualitative data), results in 
increased statistical power. However, extending the amphibian assay till 
the metamorphic climax as suggested by Ortego et al. (2021) would not 
have been possible in the case of our experiment, as high concentrations 
of PTU arrested R. temporaria development during pro-metamorphosis 
(Fig. 1). 

4.1.3. Endpoint sensitivity 
Assessing the sensitivity of the different endpoints used in the AMA 

assay, Dang (2019) found that thyroid histopathology endpoints were 
more sensitive and specific to thyroid active chemicals than develop-
mental stages and biometric endpoints (e.g., body length and weight, 
hindlimb length). Similarly, we found that thyroid histopathology 
endpoints were generally more sensitive to PTU than developmental 
stages and biometric data. In particular, the most sensitive endpoints 
observed in this study, were the concentration dependent increases in 
the thyroid gland surface area (or thyroid gland hypertrophy), and in 
follicle surface area, both significant from 1.23 mg/L, and for which no 
NOEC could be determined. In contrast, effects of PTU on developmental 
stages, and apical morphological endpoints were observed only from 
4.37 mg/L or 13.6 mg/L. 

4.2. Perchlorate effects on R. temporaria 

4.2.1. Observed effects and comparison with other anuran species 
Unexpectedly, exposure to perchlorate up to 426.5 µg/L did not 

affect any investigated endpoint, except for an unexplained decrease in 
follicular cell hypertrophy at 40.9 and 131.2 µg/L. In contrast, similar 
concentrations of perchlorate affected metamorphosis (from 125 µg/L) 
and thyroid histopathology (from 16 µg/L) in X. laevis (Tietge et al., 
2005). 

As observed with PTU, exposure to perchlorate in X. laevis resulted in 
higher sensitivity for the histological endpoints than the biometric data. 
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Fig. 3. Histopathological data as a function of developmental stage in controls (A, D, G, J, M, P), and as a function of perchlorate (B, E, H, K, N, Q) and PTU 
concentrations (C, F, I, L, O, R). Thyroid gland surface area (A–C), number of follicles (D–F), follicle area (G, H, I), follicle lumen area (J, K, L), follicle circularity 
(M–O), follicle cell height (P–R). For the control plots, the curves were fitted using a LOESS local polynomial regression. The effects of perchlorate and PTU on the 
different endpoints are represented using violin plots, consisting of mirrored density plots, displayed as boxplots. Means are represented as black dots and standard 
deviations as error bars. ***: p.value < 0.001, *: p.value < 0.05, Tamhane Dunnett’s test on means per tank. 
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After 14 days of exposure, the observed LOEC for increased colloid 
depletion and thyroid gland hypertrophy were respectively 16 and 63 
µg/L (Tietge et al., 2005). Exposure to 4 mg/L perchlorate for 4, 6 and 8 
days also induced follicular cell hyperplasia (Tietge et al., 2010). 
Interestingly, as opposed to PTU, no effect of perchlorate was observed 
on follicle circularity or follicle collapse (Furin et al., 2015), suggesting 
that those criteria could be specific to some mechanisms of actions 
(Figs. 3N and 4E). However, perchlorate was observed to induce thyroid 
hyperaemia (i.e., an excess of blood in the vessels supplying the thyroid 
gland) in other studies (Furin et al., 2015), but not in the present study 
(Fig. 4C), which could be due to the lower concentrations of perchlorate 
used in our experiment. 

Delayed metamorphosis was observed in X. laevis (Opitz et al., 2009; 
Tietge et al., 2010, 2005) and Lithobates sylvaticus (Bulaeva et al., 2015), 
and was dependent on both perchlorate concentrations and time of 
exposure. In the southern leopard frog, Rana sphenocephala, exposure to 
15 mg/L of perchlorate from egg till after metamorphosis, resulted in 
metamorphosis arrest and increased mortality (Ortiz-Santaliestra and 
Sparling, 2007). Perchlorate also increased body length and weight at 
metamorphosis in Lithobates sylvaticus (Bulaeva et al., 2015). 

Interestingly, when studying the effects of perchlorate at sexual 
maturity, Campbell et al. (2018) showed that X. tropicalis females 
exposed to 53 and 107 µg/L perchlorate throughout development had a 
40% decrease in body mass, along with a decreased SVL and HLL. This 
result suggests that, beyond direct effects on amphibian metamorphosis, 
perchlorate exposure during development could also affect adult fitness, 
including reproduction. However, as even the LAGDA assay does not 
cover the reproductive ability, this result also underlines the need to 
develop a full life cycle test with amphibians, which would be very 
useful for improving environmental risk assessment of THADCs. 

4.2.2. Possible explanations for the absence of observed effects 
While most studies on amphibian metamorphosis use higher 

perchlorate concentrations, the highest perchlorate concentration used 
in this study (i.e., 426.5 µg/L) was expected to result in: delayed meta-
morphosis, increased larval body weight, increased colloid depletion, 
follicular cell hypertrophy and thyroid gland hypertrophy, which was 
not the case. 

We identified several hypotheses to explain the observed lower 
sensitivity to perchlorate in R. temporaria than in X. laevis: (i) a higher 
iodine content in the water, (ii) inter-species differences in response to 
perchlorate exposure, and iii) adaptation to low levels of iodine.  

(i) iodine content in water 

Brausch et al. (2010) showed that 60 µg/L of perchlorate arrested 
X. laevis development and metamorphosis when raised in FETAX me-
dium but not in surface water and assumed that this could be due to 
higher iodide content in surface water. Tietge et al. (2005) also 
emphasized that, due to the mechanism of action of perchlorate, which 
interferes with iodine uptake by the thyroid gland, sensitivity to 
perchlorate could depend on local iodide concentrations and availabil-
ity. The iodine concentrations in tap water has been monitored in Danish 
waterworks across the country and range between 0.1 and 126 ug/L and 
above 7.9 ug/L on the island of Funen where University of Southern 
Denmark (SDU) is located (Voutchkova et al., 2015). The iodine con-
centration in water from the waterworks supplying the experimental 
facility SDU is 14 μg/L (personal comment from co-author Søren Munch 
Kristiansen), thus highly exceeding the guideline recommendations of 
0.5 μg/L (TG 241 OECD, 2015). Hence, a higher level of iodine in the tap 
water as compared with water used for studies on X. laevis might explain 
the observed lack of sensitivity of R. temporaria to perchlorate in the 
present study. Differences in iodine content in the food used for the 

Fig. 4. Severity scores of thyroid gland histopathological endpoints, after exposure to perchlorate (2018) or PTU (2019). CRD: Colloid Resorption Droplets; FC: 
Follicular cell (cf. Table 3 for description of severity levels). 
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experiments could also be an explanation.  

(i) inter-species differences in response to perchlorate exposure 

As R. temporaria and X. laevis have evolved in two different envi-
ronments, and differ in their biology and life cycle, they may display 
differences in sensitivity in response to stress (Ruthsatz et al., 2020; 
Thambirajah et al., 2019). In a recent paper, Adams et al. (2021) 
compared the sensitivity of Xenopus and nine native amphibian species 
to two pesticide formulations, and found that Rana temporaria was more 
sensitive than Xenopus by a factor three. Interestingly Pelophylax sp. was 

the most sensitive to one of the pesticide formulations, but the least 
sensitive to the other, suggesting that species sensitivity to chemicals 
depends on chemical mechanism of action. 

Based on the ADME model – Absorption, Distribution, Metabolism, 
Excretion, used in pharmacokinetics to describe the fate of chemicals 
within a target organism, inter-species differences in response to a 
chemical can occur at different levels. In fish, perchlorate is quickly 
absorbed and eliminated, with a higher elimination rate and a lower 
half-life observed in catfish (Park et al., 2007) than in mosquitofish 
(Bradford et al., 2006), possibly due to effects of fish size on the elimi-
nation of chemicals, or from species-specific elimination mechanisms 

Fig. 5.. Pictures of the right thyroid gland for a control sample (A), and tadpoles exposed to 1.23 mg/L (B), 4.37 mg/L (C), 13.6 mg/L (D) and 47.7 mg/L (E) PTU at 
developmental stage 36. Hematoxylin-eosin staining. 
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(Park et al., 2007). Likewise, similar factors could account for the 
observed inter-species differences in perchlorate sensitivity in 
R. temporaria and X. laevis. 

A difference in R. temporaria skin thickness and/or structure and/or 
gene expression may also be a possible explanation for the lower 
sensitivity to perchlorate as compared X. laevis. In amphibians, the skin, 
which is highly permeable, would be the privileged way of entry for 
water-borne chemicals, and both hydrophilic (caffein) and lipophilic 
(testosterone) compounds can be absorbed through X. laevis skin 
(Kaufmann and Dohmen, 2016). Besides, transcriptomic analyses in the 
skin of seven amphibian species showed family specific gene expression 
patterns (Huang et al., 2016), thus further strengthening the possible 
role of amphibian skin in inter-species differences in response to 
chemical stress.  

(i) adaptation to low levels of iodine 

Besides direct differences in response to perchlorate itself, inter- 
species differences in sensibility to chemical exposure may stem from 
a mechanism of co-adaptation. For example, as perchlorate results in 
lower iodine levels entering the thyrocytes, species adapted to an 
environment with low levels of iodine, may be less sensitive to 
perchlorate. Indeed, Paulus et al. (2007) found that iodine uptake was 
less affected by perchlorate in iodine-deficient rats than in normal rats. 
Therefore, if R. temporaria has adapted to low levels of iodine, this could 
explain the lower observed sensitivity of this species to perchlorate as 
compared to X. laevis 

4.3. PTU effects on Rana temporaria 

The observed results regarding the effects of PTU at sublethal con-
centrations (up to 47.7 mg/L) are consistent with the literature on 
Xenopus laevis (Degitz et al., 2005; Opitz et al., 2005; Tietge et al., 2010), 
Xenopus tropicalis (Carlsson and Norrgren, 2007; Mitsui et al., 2006) and 
Rana rugosa (Oka et al., 2009), albeit with a possible higher sensitivity of 

R. temporaria. 

4.3.1. Observed effects on OECD thyroid histopathological criteria 
According to the OECD guidance document (OECD, 2007), 

amphibian thyroid histology should be evaluated based on core criteria 
(thyroid gland hypertrophy/atrophy, follicular cell hypertrophy and 
follicular cell hyperplasia) and additional criteria (follicular lumen area, 
colloid quality and follicular cell height). In the present investigation, 
we evaluated both core and additional criteria. 

As previously stated, the most sensitive endpoints observed with PTU 
exposure were a concentration dependent increase in thyroid and folli-
cle surface area at all tested concentrations. A significant increase in 
thyroid surface area was also observed from 1.8 mg/L in X. tropicalis 
(Carlsson and Norrgren, 2007), but an increase in follicular size in 
X. laevis was only observed with higher concentrations (Degitz et al., 
2005). As opposed to follicular lumen area, follicle surface area (i.e., 
including follicle lumen and the surrounding epithelial cells) is not 
included in the OECD test guidelines and is presented here as a sensitive 
endpoint of exposure to THADCs. Similarly to what was observed in 
X. tropicalis (Carlsson and Norrgren, 2007), follicular lumen area showed 
a non-monotonic dose response resulting from a higher incidence and 
severity of follicle collapse concomitant with the concentration depen-
dent increase in follicle size (Fig. 3L). Follicular cell hypertrophy and 
hyperplasia were significant from 4.37 mg/L, and the number of colloids 
presenting a granular aspect (colloid aspect), and follicular cell height 
only significantly increased from 13.6 mg/L PTU. 

4.3.2. New possible histopathological endpoints 
Beside the above-described criteria, we found a set of endpoints that 

could be of relevance for later studies on THADCs: number of follicles, 
follicle circularity, and the occurrences of follicle collapse, colloid 
resorption droplets (CRDs), blood cells, or colloids with a granular 
aspect. 

PTU induced a concentration dependent increase in the number of 
follicles within the thyroid gland, significant only from 13.6 mg/L, thus 
making this endpoint less sensitive than the follicle surface area dis-
cussed above. 

Follicle circularity was significantly decreased at the two highest 
PTU concentrations, which is consistent with our observations that, at 
those concentrations, follicles were less regularly shaped, and follicle 
cell hyperplasia increased. Although slightly less sensitive than follicle 
cell hyperplasia, follicle circularity is a quantitative endpoint, which 
could facilitate inter-study comparisons and reproducibility. 

Increased occurrences of follicle collapse (Carlsson and Norrgren, 
2007), colloid resorption droplets (CRDs) (Opitz et al., 2006), blood cells 
(Furin et al., 2015), or colloids with a granular aspect (Opitz et al., 2006) 
were observed in several studies after exposure to PTU in amphibians or 
teleost, and in the present study. However, while no severity grade levels 
have been used so far to assess these endpoints, here we define and use a 
severity grade system like the one used for follicle cell hyperplasia and 
follicle cell hypertrophy (Grim et al., 2009) (Table 3 and Fig. 4). Among 
those endpoints, the occurrences of follicle collapse and CRDs were the 
most sensitive, with the same LOEC as follicular cell hypertrophy and 
hyperplasia (i.e., 4.37 mg/L). Increased occurrences of blood cells and 
granular colloids were only observed for the two highest PTU concen-
trations (Fig. 6). The increased angiogenesis could result from the action 
of thyroid-stimulating hormone (TSH) (Ramsden, 2000), which usually 
rises in response to lowering T3 and T4 resulting from exposure to an-
tithyroids (Opitz et al., 2006). According to Schmidt and Braunbeck 
(2011), the foamy or granular colloidal texture observed after exposure 
to PTU could be due to a decrease in thyroglobulin aggregates, resulting 
from an insufficient capacity to iodinate thyroglobulin. 

4.3.3. Observed effects on apical morphological endpoints 
When considering developmental stages and apical biometric end-

points, we observed a strong delay or arrest in development in Rana 

Table 4. 
Summary of Low Observed Effect Concentrations (LOEC) and No Observed Ef-
fect Concentrations (NOEC) after exposure to perchlorate (2018) and PTU 
(2019).    

Perchlorate 
(µg/L) 

PTU (mg/L)  

endpoints LOEC NOEC LOEC NOEC 

Developmental 
stage 

Delay in development ND 426.5 13.6 4.37 

Biometric data Total length ND 426.5 13.61 4.37 
Body weight ND 426.5 13.6 4.37 
Hindlimb length 
(HLL)2 

ND 426.5 4.37 1.23 

Thyroid 
histopathology 

Thyroid gland surface 
area (hypertrophy) 

ND 426.5 1.23 ND 

Mean number of 
follicles 

ND 426.5 13.6 4.37 

Mean follicle surface 
area 

ND 426.5 1.23 ND 

Follicular cell height ND 426.5 13.6 4.37 
Follicular cell 
hypertrophy 

40.93 11.9 4.37 1.23 

Follicular cell 
hyperplasia 

ND 426.5 4.37 1.23 

Colloid resorption 
droplets 

ND 426.5 4.37 1.23 

Colloid aspect ND 426.5 13.6 4.37 
Blood cells ND 426.5 13.6 4.37 
Follicle collapse ND 426.5 4.37 1.23  

1 Significant effect at 13.6 mg/L PTU but not at the highest concentration. 
2 Strongly affected by PTU-induced delayed development. 
3 Effects observed at 40.9 and 131.2 µg/L perchlorate but not at the highest 

concentration. 
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temporaria from 13.6 mg/L PTU (Fig. 1), along with an increase in total 
length and weight in tadpoles exposed to 13.6 mg/L (Figs. 2 and S2). 
PTU exposure for 21 or 28 days also delayed or arrested development in 
X. laevis (Degitz et al., 2005; Opitz et al., 2005), X.tropicalis (Mitsui et al., 
2006), and Rana rugosa (Oka et al., 2009) at concentrations ranging 
from 10 to 155.67 mg/L. Besides, consistently with our results, PTU 
exposure for 28 days or more either increased body length or did not 
affect it (Mitsui et al., 2006; Opitz et al., 2005), although Oka et al. 
(2009) found a concentration-dependent decrease in the total length of 
Rana rugosa at day 28, which may be partly due to the use of higher PTU 
concentrations. 

A possible explanation for the observed increase in total length in 
tadpoles displaying a delay in development, may be a reallocation of 
energy resources to growth instead of development, in absence of a 
thyroid hormone signal to promote metamorphosis (Ruthsatz et al., 
2019). In the environment, bigger tadpoles are less vulnerable to pre-
dation and more likely to survive as shorter tadpoles (Ruthsatz et al., 
2019). However, tadpoles with a delay or arrest in metamorphic 
development are more vulnerable to desiccation, as they are not able to 
metamorphose to their terrestrial life form in time (Ruthsatz et al., 
2020). 

5. Conclusion 

The present study aimed at investigating the sensitivity of the Eu-
ropean common frog Rana temporaria to two well-known THADCs (i.e., 

perchlorate and PTU) as compared to Xenopus, using a shortened LAGDA 
set-up. As in previous Xenopus studies, the histopathological endpoints 
proved to be more sensitive than apical morphological endpoints and 
development. No LOEC could be established for PTU in R. temporaria, as 
thyroid gland histopathology was affected at the lowest test concen-
tration (i.e., 1.23 mg/L). In Xenopus, a LOEC of 1.8 mg/L has been re-
ported but after shorter exposure (Carlsson and Norrgren, 2007). PTU 
also significantly delayed the development, thus resulting in increased 
difficulties to interpret the data. Perchlorate did not affect any of the 
investigated parameters, which contrasts with a LOEC of 16 µg/L found 
in Xenopus (Tietge et al., 2005). Several hypotheses were proposed to 
explain the observed difference in sensitivity, including higher iodine 
water concentrations during exposure, and inter-species differences in 
dermal uptake, chemical elimination, or iodine requirements. This il-
lustrates that species differences can occur within the same taxon, 
probably depending on chemical mechanisms of action (Adams et al., 
2021), and/or that e.g. water biochemistry could be extremely impor-
tant when evaluating and comparing data from different studies. Based 
on the present data, it cannot be ruled out, that the sensitivity of 
R. temporaria to PTU is higher compared with Xenopus, but further in-
vestigations are needed. Those results also further highlight the need to 
develop more sensitive and specific tools to improve environmental 
monitoring of THADCs (Carlsson, 2019; Couderq et al., 2020; Tham-
birajah et al., 2019). With the advance of new sequencing technologies, 
the use of omics (e.g., transcriptomics) would be of great added value to 
complement biometric and histopathological endpoints for 

Fig. 6.. Examples of a thyroid gland from a control sample with homogeneous colloids (A), and thyroid glands from samples exposed to 13.6 mg/L PTU with granular 
colloids (B), or with follicle collapse, colloid depletion or colloid full of CRDs (C). Hematoxylin-eosin staining. 
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environmental monitoring, or to further understand chemical mecha-
nisms of action. The development of a full life cycle test, including the 
effects on THADCs on adult reproduction, is also critical to fully assess 
the environmental risks of THADCs (Campbell et al., 2018). 
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