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Dose-Response Modeling of Thyroid Axis 

Disruption in Xenopus laevis tadpoles
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Overview of The Thyroid Axis
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Amphibian metamorphosis as a test system for 
potential vertebrate impacts

• Purpose:
– Detect a chemical’s ability to interfere with the

thyroid hormone axis resulting in developmental 
and endocrine effects

• Status:
– Basic screening assays have been developed
– Inter-laboratory testing is completed (OECD)
– A 21-day testing protocol has been submitted for 

peer review (fall 2007; EDSP)
• Assumption:

– Impacts on amphibian metamorphosis are 
predictive of thyroid axis disruption in other 
vertebrates due to conservation of key 
biochemical and physiological events

Compounds with known or suspected impacts on 
the thyroid axis in X. laevis

• Sodium perchlorate (NIS inhibition): Goleman et al. 2002 a,b; 
Tietge et al. 2005

• Methimazole (TPO inhibition); Degitz et al. 2005
• 6-Propylthiouracil (TPO inhibition); Degitz et al. 2005
• Ethylenethiourea (TPO inhibition); Opitz et al. 2006
• Various phenolic compounds, brominated phenolic 

compounds, phthalates, herbicides (T3 antagonist activity 
and/or binding to transthyretin, with mixed in vivo outcomes); 
Sugiyama et al. 2005, Kudo and Yamauchi 2005; Kudo et al. 
2006

• PBDEs (binding to transthyretin); Balch et al. 2006
• PCBs (reduced expression of transthyretin, deiodinase 

genes); Lehigh Shirey et al., 2006
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Amphibian metamorphosis assay
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Thyroid gland explant culture

Objective: 
Remove glands from whole organism to examine in 
vitro response without influence of homeostatic 
mechanisms

Approach:
• Culture thyroid glands from prometamorphic 

tadpoles 
• Treat with TSH and T4 synthesis inhibitors 
• Measure 

• T4 release to media
• Selected gene expression by Q-RT/PCR

Thyroid gland culture: Stimulation of T4 release by TSH
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Thyroid gland culture: Inhibition of T4 release by T4 
synthesis Inhibitors

Stage 59 glands
100 mg/L methimazole or PTU,;10 mg/L perchlorate; 
Inhibitor concentrations were selected based upon e ffective in vivo concentrations

TSH (2000 ng/ml)
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Conclusions from in vivo and in vitro studies

• In vivo exposure to perchlorate, methimazole, PTU
– Thyroid genes are upregulated in ~4d*  
– Pituitary TSH is upregulated in ~4d*
– Thyroid histology changes in ~4-6d*
– Developmental changes in 21d*
– All three synthesis inhibitors reduce gland T4 (< 2 d) and plasma 

T4 (6 d)

• In vitro gland culture with perchlorate, methimazole, PTU
– Glands release T4 in response to TSH stimulation
– All three synthesis inhibitors reduce T4 release
– Glands have a large reservoir of stored T4 - it takes time to deplete

reserve T4 and to see the effects of synthesis inhibition

*results are for perchlorate and methimazole only
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Developmental Stage
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Developmental Stage
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Normal development of the thyroid axis: General 
conclusions

• Plasma TSH increases 2-to-3 fold between stages 54 
and 60 due to an increase in pituitary gland size

• Plasma T4 increases 10 fold between stages 54 and 60, 
due to an increase in thyroid gland size and an increase 
in serum TSH

• Plasma TSH changes little if at all between stages 54 
and 56

• Plasma T4 increases 3 fold between stages 54 and 56, 
due primarily to an increase in thyroid gland size



12/1/2007

11

Modeling Guidance

• Thyroid hormone kinetics and modeling in mammals: 
DiStefano 1973; Goumaz et al. 1994; Li et al. 1995; 
Kaiserman et al. 1995; Kohn et al. 1996; 
Dumrongpokaphan and Lenbury 2002; Degon et al. 
2005

• Iodine kinetics and modeling in mammals: Clewell et al. 
1993; Merrill et al. 2005

• Xenpus laevis physiology (cardiac output, O2
consumption): Hastings and Burggren 1995; Tang 
and Rovainen 1996; Fritsche and Burggren 1996
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Modeled processes

• Iodine uptake by the thyroid follicle – saturable function 
of plasma iodine, with limited opportunity for membrane 
diffusion

• Iodine incorporation into thyroglobulin – saturable 
function of follicle iodine

• T4 secretion by the thyroid gland – saturable function of 
thyroglobulin in the colloid

• TSH secretion by the hypothalamus/pituitary with 
negative feedback by plasma T4

• Induction of NIS, TPO, T4 catalysis, and thyroid gland 
growth by increased TSH (as during a decline in plasma 
T4 levels)

• Clearance of I, TSH, T4, T3 – first-order functions of 
plasma I, TSH, free T4, and free T3 
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T4 half-life in stage 59 thyroidectomized tadpoles

T4 in serum (ppb) 
at 60 min

Anesthesia control (n=2 pooled samples) 21.1 � 0.1
Mock surgery control (n=1 pooled sample) 22.9
Thyroidectomized (n=3 pooled samples) 16.5 � 0.2

Model parameterization

• Assignment of Km values
- Assume that NIS, TPO, and TG proteolysis do not 

saturate except under unusual circumstances.  Km
for each was set equal to about 3x “normal” 
substrate concentrations

• Assignment of Vmax values
- Strive for “stable” behavior of I, TG, T4 at the desired 

concentrations
- Achieve “appropriate” responsiveness of the model 

to changing TSH concentration 
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Parameter Value

NIS Vmax 5250 pmol/h/g

NIS Km 0.1 pmol I/ml

NIS VmaxVmax 10500 pmol/h/g

NIS VmaxKm 0.2 pmol TSH/ml

TPO Vmax 3200 pmol/h/g

TPO Km 100000 pmol/ml

TPO VmaxVmax 6400 pmol/h/g

TPO VmaxKm 0.2 pmol TSH/ml 

TG Vmax 800 pmol/h/g

TG Km 100000 pmol TG/g

TG VmaxVmax 1600 pmol/h/g

TG VmaxKm 0.2 pmol TSH/ml

DII Vmax 0.03 pmol/h/ml

DII Km 0.03 pmol/ml

kel,I 0.67 /h

kel,TSH 5.0 /h

kel,T4 1.0 /h

kel,T3 1.0 /h
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Conclusions

• A mathematical mass-balance model has been 
developed to describe the thyroid axis of X. laevis 
tadpoles and its response to T4 synthesis inhibitors.

• The model reproduces important features of this system 
including a “delayed” response to T4 synthesis inhibition 
(due to stored T4), “compensation” for increased T4 
clearance and/or binding (due to feedback), and rapid 
gland growth due to high levels of TSH 

• The model makes predictions about circulating levels of 
T4 and TSH during toxicant exposures.  These 
predictions can be evaluated experimentally.
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Why develop mechanistic dose-response models?

• Framework for organizing biological and toxicological observations 
(the model is a type of hypothesis)

• Tool for discriminating between chemicals that act on the thyroid 
axis via different modes of action

• Tool for the design and interpretation of experiments (what do we 
measure and when?) 

• Support the identification of critical “targets” for development of 
toxicity QSARs.  For example, ongoing work is directed toward 
development of a QSAR for inhibition of TPO.

With respect to the thyroid project:

Why develop mechanistic dose-response models?
(cont.)

• Potential means of incorporating “omics” data into toxicity 
assessments (addresses the “so what question” ).  Question: does 
“omics” data suggest any unaccounted for processes?

• Potential source of “unanticipated” outcomes that would suggest 
new hypotheses and experiments

• Means of identifying what is “important” (complexity with the goal of 
simplification)

More broadly:
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Future Work

• “Validate” fitted model parameters experimentally, or by 
comparison to parameters determined in other 
vertebrate systems.

• Eg., TPO.  TPO catalyzes the iodination of thyroglobulin 
and is a target for several T4 synthesis inhibitors.  
Experiments are underway to determine TPO Vmax and 
Km under control  and inhibited conditions.
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Parameter Change from stages 
54 to 60

Change from stages 
54 to 56

Pituitary TSH (mRNA copies/gland) 2 - 3 x increase NC

Serum TSH (% maximal response) 2 – 3 x increase NC

Thyroid follicle cell number (104 cells) 6 – 8 x increase 1.5 – 2 x increase

Thyroid NIS (mRNA copies/gland) 6 – 8 x increase NC (?)

RNA-normalized thyroid NIS content 2 x increase NC

Thyroid TPO (mRNA copies/gland) 3 – 5 x increase NC (?)

RNA-normalized thyroid TPO content small decrease NC

Thyroid TG (mRNA copies/gland) 6 – 8 x increase small increase 

RNA-normalized thyroid TG content 2 x increase small increase

Thyroid T4 content (pmoles/gland) Unknown 2 – 3 x increase

Plasma T4 concentration (pg/ml) 10 x increase 3 x increase


