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BA   bile acid 

BAT   brown adipose tissue 

Cs   serum concentration 

CA   cholic acid 

cAMP   cyclic adenosine monophosphate  

CDCA   chenodeoxycholic acid 

cDNA   complementary deoxyribonucleic acid 

Css   steady state serum concentration 

C0   serum concentration at time zero 

DIT   di-iodinated tyrosine 

D1   deiodinase type1 

D2   deiodinase type2 

D3   deiodinase type3 

ER   elimination rate 

ERcnt   elimination rate in controls, which was calculated using the  

kinetic parameters of control rats 

ERtx   elimination rate in Tx rats 

ESI   electrospray ionization 

FXR   farnesoid X receptor 

GABP   GA-binding protein 

GCA   glycocholic acid 

GCDCA  glycochenodeoxycholic acid 

HPLC   high performance liquid chromatography 

ID   iodine deficiency 

IS   internal standard 

kel   elimination rate constant 

LC   liquid chromatography 

LC/MS/MS  liquid chromatography-tandem mass spectrometry 

LLOQ   lower limit of quantification 

MCT   monocarboxylate transporter 

MIT   mono-iodinated tyrosine 

M-BAR   membrane-bile acid receptor 

mRNA   messenger ribonucleic acid 



MS   mass spectrometry 

m/z   mass-to-charge ratio 

NIH   National Institutes of Health 

NIS   sodium-iodide symporter 

OATP   organic anion transporter  

OPLS-DA  orthogonal partial least squares discriminant analysis 

rT3   3,3’,5’-triiodothyronine 

r 2   coefficient of determination 

Sdeg   suppretion degree for elimination, Ercnt ERtx  

SD   standard deviation 

SPE   solid-phase extraction 

SR   supplying rate 

SRM   selected reaction monitoring 

SULT   sulfotransferase 

TCA   taurocholic acid 

TCDCA   taurochenodeoxycholic acid 

TDCA   taurodeoxycholic acid 

Tg   thyroglobulin 

THDCA  taurohyodeoxycholic acid 

TPO   thyroid peroxidase 

TR   thyroid hormone receptor 

TRH   thyrotropin-releasing hormone 

TSH   thyroid-stimulating hormone 

TUDCA  tauroursodeoxycholic acid 

Tx   thyroidectmy 

Tyr   tyrosine 

t1/2   half-life 

T3   3,3’,5-triiodothyronine 

T4   thyroxine 

T4-G   thyroxine-glucuronide 

UGT   uridine diphosphate glucuronosyltransferase 

UPLC/QTOF-MS ultra-performance liquid chromatography / quadrupole  

time-of-flight mass spectrometry 

USFDA   United States Food and Drug Administration 

Vd   volume of distribution 

X0   dosage at administered 



TMCA   tauromuricholic acid 
1H-NMR  proton nuclear magnetic resonance 

[M H]   protonated molecule 

[M H] deprotonated molecule 

[13C9]T4   13C-labelled thyroxine 

[2H5]T4   2H-labelled thyroxine 
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Fig. 1. Biosynthetic pathway of thyroid  

hormones 
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Fig. 2. Control of thyroid hormone secretion 
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Fig. 3. Metabolic pathway of T4 
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2  T4 [13C9]T4

 

 

2.1 [13C9]T4  

13C [13C9]T4 [13C9]tyrosine

Salamonczyk 21) Fig. 4

[13C9]tyrosine

3,5-diiodo-L-[13C9]tyrosine 4-hydroxy-3,5-diiodo-phenyl- 

methanol A NaBiO3

5,7-diiodo-1-oxaspiro[2,5]bicycloocta-4,7-dien-6-one B B

3,5-diiodo-L-[13C9]tyrosine pH 8.0 [13C9]T4

[13C9]T4 1H-NMR MS

[13C9]T4 96.8% 96.4%

 

 

2.2  
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LC/MS/MS 22) LC

online SPE LC/MS/MS

Fig. 5 Online SPE
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Fig. 4. Chemical synthesis of [13C9]T4 
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Fig. 5. Flow scheme of online SPE LC/MS/MS 
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LC/MS/MS

ESI

[M H] T4 m/z 777.70 T3 rT3 m/z 651.77 [13C9]T4

m/z 786.71 [2H5]T4 IS m/z 782.75 [M H]

[M+H-HCOOH] T4 m/z 731.5 T3 rT3 m/z 605.9 [13C9]T4 m/z 739.9 [2H5]T4

m/z 735.9 rT3 HIO H3IN

m/z 507.7

SRM T4 m/z 777.70  731.5 T3 m/z 

651.77  605.9 rT3 m/z 651.77  507.7 [13C9]T4 m/z 786.71  739.9 [2H5] T4

m/z 782.75  735.9

Fig. 6

T4 T3 rT3 [13C9]T4 IS

Fig. 7

5 ng/mL 2 L T4 [13C9]T4

IS SRM

T3 rT3 SRM
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Fig. 6. Chromatograms of T4, T3, rT3, [13C9]T4 

and IS in charcoal-treated serum 
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Fig. 7. Chromatograms of T4, T3, rT3, [13C9]T4 

and IS in charcoal-treated serum spiked 
with each standard (5 ng/mL, 2 L) 
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T4 T3 rT3 [13C9]T4 0.1

100 ng/mL IS 2 ng/mL

r 2 0.9994 T4 0.9990 T3 0.9972 rT3 0.9958 [13C9]T4

0.1 ng/mL

1.0% 2.0% 5.0% 1.0%

20% LLOQ 0.1 ng/mL

 

Table 1 n = 5

T4 T3 rT3 [13C9]T4 5.2% 5.9% 4.8% 5.9%

97.6 105.5% 94.0 99.4% 93.0 98.0%

98.2 104.2%

15% 85 115%
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Table 1. Accuracy and precision of the intra-day 
 assay 
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3  Tx  

 

TRH TSH

T4

T4

online SPE LC/MS/MS

Tx T4

 

T4 T3 Tx 7

T4 T3 5% 20% Fig. 8

rT3 T4 T3 Tx 0.1 ng/mL

TSH Tx Fig. 9

T4 T3 Tx

T4 2 ng/mL T3 0.1 ng/mL Tx

 

Fig. 10

T4 [13C9]T4 T4

23) Tx [13C9]T4 1.5 μg/kg  
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Fig. 8. Changes of serum thyroid hormone  
concentrations in control and Tx rats 
A; T4 and B; T3, mean ± SD (n=5), **p < 0.01 compared with the 

controls 
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Fig. 9. Changes of serum TSH concentration  
in control and Tx rats 
mean ± SD (n=5), *p < 0.05 and **p < 0.01 compared with the controls 
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Fig. 10. Calculation of kinetic parameters of  
serum T4 
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T4 [13C9]T4 Fig. 11

Tx T4 50 ng/mL 2.6 ng/mL

[13C9]T4

9 0.1 ng/mL

[13C9]T4

Tx T4 T4

Tx T4

SR 39.9 ng/day Table 2 Meischl 24) T4

T3 Tg TPO

NIS mRNA

mRNA

25-27)

 

Tx [13C9]T4 1

T4 Fig. 12 Table 2 [13C9]T4

t1/2 0.59 day Tx t1/2 1.16 day

2 Tx T4

Tx T4

Tx T4 kel Vd Tx

T4 2.6 ng/mL T4 ER

Table 3 kel Vd ERcnt

90.2 ng/day Tx ERtx 39.9 ng/day

2.3 Tx T4 50.3 ng/day

T4 T4

Tx T4   
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Fig. 11. Serum concentrations of T4 and [13C9]T4  
after an intravenous administration of  
[13C9]T4 to control (A) and Tx (B) rats 
Mean, n=5  
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Fig. 12. Turnover of serum T4 in control and  
Tx rats  

mean ± SD (n=5) 
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Table 2. Supplying and turnover rates of serum 
T4 in control and Tx rats 
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Table 3. Suppression degree of elimination of  
serum T4 in Tx rats
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T4 [13C9]T4 online SPE LC/MS/MS

T4 T3 rT3 [13C9]T4

Tx T4

T4 T3 7

T4 T3 5% 20% T4 T3

Tx [13C9]T4 [13C9]T4

9 Tx

[13C9]T4 2

T4

Tx

T4 39.5 ng/day 50.3 ng/day  

Tx T4 T4
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46)
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T4
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ID
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2   

 

1

TSH T4

ID

 

TSH 2.2 ng/mL

ID 14 82

8 Fig. 13 1.7 ng/mL ID 13.4 ng/mL ID

82 5.4 27.2 mg

ID 146.4 mg ID

T4 21 82

8 % Fig. 14A 43.65 ng/mL ID 3.34 ng/mL

ID T4 Tx

Tx 60 T4

ID

T3

Tx

Fig. 14B 0.76 ng/mL ID 0.73 ng/mL

T3 D1 T4

50,51) Galton 52) T4 T3

D1 D2 T3

Tg T3  
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Fig. 13. Changes of serum TSH concentration  
in control and ID rats 
mean ± SD (n=5), *p < 0.05 and **p < 0.01 compared with the 

controls 
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Fig. 14. Changes of serum thyroid hormone  
concentrations in control and ID rats 
A; T4 and B; T3, mean ± SD (n=5), **p < 0.01 compared with the

controls 
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3  T4  

 

ID T4 8%

T4

ID [13C9]T4

T4 [13C9]T4 T4

T4

T4 T3 [13C9]T4

 

9 [13C9]T4 1.5 μg/kg

3 T4 [13C9]T4 Fig. 15

ID T4 36.2 ng/mL 3.0 ng/mL

[13C9]T4 ID

6

T4 [13C9]T4

ID [13C9]T4 1

T4 Fig. 16 Table 4

T4 kel t1/2 Vd 0.97 day-1 0.74 day 51.3 mL

ID kel t1/2 Vd 1.00 day-1 0.7 day 43.7 mL

ID

T4

T4  

1 T4 T3

T4

Tx T4 39.9 ng/day

ID T4 130.4 ng/day  
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Fig. 15. Serum concentrations of T4 and [13C9]T4 

after an intraveneous administration of  
[13C9]T4 to (A) control and (B) ID rats 
Mean, n=5
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Fig. 16. Turnover of serum T4 in control and  
ID rats 
mean ± SD (n=5) 
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Table 4
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T4 90 ng/day 5%

Pedraza 53)
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2 Tx T4 T3
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Table 4. Supplying and turnover rates of serum 
T4 in control and ID rats
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2  Tx T4 T3  

 

Tx T4 t1/2 2

ID T4 t1/2 t1/2 Tx

T3 T4

Tx

T3 [13C9]T4 T4 T3 [13C9]T4

T4 T4

T3  

Control Tx

Tx T3 1.5 μg/head/day Tx+T3 7.5 μg/head/day Tx+HT3

2 T4 T3

Fig. 17 T4 T3

35.5 39.3 0.4 0.5 ng/mL Tx T4 T3

T4 T3

T4  2.1 2.7 ng/mL T3  0.09 0.12 ng/mL Tx+T3 Tx+HT3

T3 T3 0.12 0.15 ng/mL

0.37 0.66 ng/mL

T3 T3 94 170%

T3 Tx+T3

Tx+HT3 T4 T3 2.6 3.4 ng/mL

1.3 1.9 ng/mL 50 44%

[13C9]T4 [13C9]T4

Fig. 18 Table 5 Tx

T4 t1/2 0.60 1.05 day 1

T3 Tx+T3  
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Fig. 17. Serum (A) T4 and (B) T3 concentrations 
before and after subcutaneous infusion 
of vehicle or T3 (1.5 or 7.5 g/head/day) 
in control and Tx rats 
mean ± SD (n=5), *p < 0.05 and **p < 0.01 compared with the controls. 

#p < 0.05 and ##p < 0.01 compared with the before infusions.  
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Fig. 18. Serum [13C9]T4 concentrations after an 
intravenous administration of [13C9]T4 
(1.5 g/kg) to control and Tx rats with 
infused vehicle or T3 (1.5 or 7.5 

g/head/day) 
mean ± SD (n=5) 
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Table 5. Turnover rate and half-life of serum T4 
in control and Tx rats with infused 
vehicle or T3 (1.5 or 7.5 g/head/day)

 

mean ± SD (n=5) 

**p < 0.01 compared with the controls. 
##p < 0.01 compared with the Txs. kel, elimination rate constant; t1/2, half-life. 
a The dose are in micrograms per head/day. 

  



47 
 

T4 t1/2 0.56 day t1/2

Tx T4 T3

Fig. 17

Tx+T3 T3 T4

T4 50% T3

T4 Tx+T3 5

T3 Tx+HT3 T4 t1/2 0.61 day

t1/2 T3

T3 2 T3

T3 T3 2
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1C1 OATP1C1 61) 8 MCT8 MCT1062)

T3
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3  Tx T4  

 

T4

Tx

T4 T4

mRNA Tx T3 1.5 

μg/head/day mRNA

 

3 D1 D2 D3

3 T4 T3 D1

D2 mRNA Fig. 19 Tx

D1 30% 18% Tx

D1 mRNA Tx

D1 mRNA 38% 18%

Tx T3 D1 mRNA

Tx

Tx T4 D1 T4

1 D1

T3  

BAT D2 mRNA

Fig. 20 BAT D2

D2 462% 3055% 186% Tx

BAT D2 mRNA Tx D2

239% 1252% D2  mRNA

Tx T3  
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Fig. 19. D1 activity and mRNA expression in 
liver and kidneys of control and Tx rats 
with infused vehicle or T3 (1.5 

g/head/day) 
Activity in (A) liver and (B) kidneys. mRNA expression in (C) liver and 

(D) kidneys. mean ± SD (n=6), **p < 0.01 compared with the controls. 

#p < 0.05 and ##p < 0.01 compared with the Txs.  
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Fig. 20. D2 activity and mRNA expression in 
brain, BAT and skeletal muscles of 
control and Tx rats with infused vehicle 
or T3 (1.5 g/head/day) 
Activity in (A) brain, (B) BAT, and (C) skeletal muscles. mRNA 

expression in (D) brain, (E) BAT, and (F) skeletal muscles. 

mean ± SD (n=6), *p < 0.05 and **p < 0.01 compared with the controls. 

##p < 0.01 compared with the Txs.   
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63) Tx D2 T3

Tx T3

BAT D2 Tx 50%

D2

T3 T3 Tx

T3 T3

D2 T3

Tx T3 T3

D2 BAT

T3

T4 D2 T3 13,56,64) MCT8 MCT10 OATP1C1

T3

65) BAT T3

50:50 80:20 63,66) 2

BAT T3 Tx D2 50%

D2  
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4  Tx T4  

 

Tx T4

T4 T4

15,16)

Ugt1a1 Ugt1a6 phenol 

SULTs Sult1a1 1c1 67-69) Tx

T4 UGTs

SULTs mRNA

T4 3 bilirubin Ugt1a1 p-nitrophenol Ugt1a6

estradiol 1-naphthol phenol Sult  

UGT mRNA Fig. 21

T4 UGT Tx 2

T3 Ugt1a1

bilirubin UGT Ugt1a1 mRNA Tx

2.6 4.7 T3

Ugt1a6 p-nitrophenol UGT

Ugt1a6 mRNA 2 Tx

T3

Ugt1a1 1a6 mRNA Tx T3

T4 bilirubin UGT Fig. 

22 p-nitrophenol UGT Tx

T3

T4-UGT Tx Tx

T4 T4-UGT

Tx T4  
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Fig. 21. UGT activity and mRNA expression in 

liver of control and Tx rats with infused 
vehicle or T3 (1.5 g/head/day) 
(A) T4, (B) bilirubin (C) p-nitrophenol, (D) Ugt1a1 mRNA, and (E) 

Ugt1a6 mRNA.  

mean ± SD (n=6), *p < 0.05 compared with the controls. #p < 0.05 

compared with the Txs.  
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Fig. 22. UGT activity and mRNA expression in 

kidneys of control and Tx rats with 
infused vehicle or T3 (1.5 g/head/day) 
(A) T4, (B) bilirubin, (C) p-nitrophenol, (D) Ugt1a1 mRNA, and (E) 

Ugt1a6 mRNA.  

mean ± SD (n=6), *p < 0.05 compared with the controls. #p < 0.05 

compared with the Txs. 
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T4-UGT Ugt1a1

mRNA Ugt1a1mRNA

Ugt1a6 3 5 70) Ugt1a1

T4

T4-UGT Tx T4

T4 T4-G

59,71) T4-G T4

72,73)

estrone

estradiol estradiol

74) T4-G Tx

T3 T4-UGT  

SULT mRNA

Fig. 23 24 T4-SULT

T3

T4 phenol SULTs Sult1a1 1c1

estradiol 1-naphthol SULT Tx

T3

Sult1a1 mRNA Tx T3

Sult1a1 1c1 mRNA Tx T3 Dunn

70) Sult1 family

69) Sult1a1 1 E-twenty-six 

family GA GABP 75) Rodriguez-Pena 76)

GABP Tx  
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Fig. 23. SULT activity and mRNA expression in 
liver of control and Tx rats with infused 
vehicle or T3 (1.5 g/head/day) 
(A) T4, (B) estradiol (C) 1-naphthol, (D) Sult1a1 mRNA, and (E) 

Sult1c1 mRNA.  

mean ± SD (n=6), *p < 0.05 compared with the controls. #p < 0.05 

compared with the Txs.  
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Fig. 24. SULT activity and mRNA expression in 
kidneys of control and Tx rats with 
infused vehicle or T3 (1.5 g/head/day) 
(A) T4, (B) estradiol (C) 1-naphthol, (D) Sult1a1 mRNA, and (E) 

Sult1c1 mRNA.  

mean ± SD (n=6), *p < 0.05 compared with the controls. #p < 0.05 

compared with the Txs.   
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TR 5 2 3

85) T3 TR

TR TR 3 86,87)

3

88,89)

TSH

 

ultra performance liquid chromatography / 
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Tx T4 T3 1

T4 D1

mRNA Ugt1a1 mRNA
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Tx
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Tx 3

Fig. 25 Tx

3 Tx

4 5 MarkerLynx
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2
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Fig. 25. Representative base peak ion 
chromatograms of serum samples by 
UPLC-QTOF/MS 
(A) the control group; (B) the Tx group; The mass range m/z 50 - 

1000.   
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Fig. 26. OPLS-DA plots of serum samples in 

control and Tx group 
(A) scores plot, (B) loadings S-plot. 
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2 S

Fig. 26B 1

m/z 2

p

|0.05| p(corr) |0.8| Fig. 26B 38

Tx 28

10 38

Table 7

1 CA

CDCA CA GCA CDCA

GCDCA Tx CA CDCA

Tx CA Fig. 27A

4.79

Fig. 27 4.79

m/z 407.28 [M H]

CA CA

UPLC-QTOF/MS Tx
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Table 7. Potential biomarkers searched by 
online metabolite database 

a Relative level in serum of Tx group in comparison to the control group. 
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Fig. 27. Identification of cholic acid in negative 
ESI mode 
(A) Mass fragment information and MS/MS spectra of the peak at 

retention time 4.79 min. (B) MS/MS spectra of authentic standard. 
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3  

 

 

Tx CA CDCA GCA GCDCA

Tx

10 CA CDCA GCA GCDCA TCA

TCDCA TDCA

THDCA TUDCA

UPLC-QTOF/MS

Tx Tx T3

 

10 Tx

CA CDCA GCA GCDCA TCDCA TCA TDCA THDCA

8 Fig. 28 CA CDCA TCDCA Tx

7 21 25 11

3 CA 0.6 vs 15.3 nmol/mL  vs Tx CDCA 0.4 

vs 4.4 nmol/mL TCDCA 0.4 vs 1.1 nmol/mL CA CDCA 2

10 80% 3

1 Tx T4 T3

7 Tx CA CDCA TCDCA

Tx

 

membrane-bile acid receptor M-BAR / TGR5  
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Fig. 28. Sequential changes in individual serum 
BA concentrations of control and Tx 
rats 
mean ± SD (n=5), *p < 0.05 and **p < 0.01 compared with the 

controls.   
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X FXR

90) TGR5 G- 1

BAT

91) TGR5

cAMP 91,92) Watanabe 93)

BAT TGR5 cAMP D2

T4 T3

Tx BAT D2 mRNA

Tx T4 T3

94) CA

CDCA TCDCA TGR5 cAMP D2 T3

T3  

T4 T4

T3 T3

T3

T3 T4

Control Tx

Tx T3 1.5 g T3/head/day Tx+T3

Table 8

2 nmol/mL

Tx

10 Tx

T3

T3

Fig. 29 CA: 67.7 vs. 61.5% CDCA: 20.3 vs. 20.8% GCA: 1.2 

vs. 7.5% GCDCA: 0.03 vs. 0.77% TCA: 6.2 vs. 5.5% TCDCA: 1.6 vs. 1.4% TDCA: 1.0  
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Table 8. Effects of T3 replacement on total BA 

concentrations in serum of Tx rats 

mean ± SD (n=6) 
*p < 0.05 and **p < 0.01 compared with the controls.  
a, the day before replacement; b, 14th day after replacement. 
Control, normal rats with vehicle replacement; Tx, Tx rats with vehicle replacement; Tx+T3, Tx rats 
with T3 replacement.   
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Fig. 29. Effects of T3 replacement on serum BA 

composition in Tx rats 
mean ± SD (n=6) 
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vs. 0.6% THDCA: 1.3 vs. 0.6% TUDCA: 0.04 vs. 0.13%

T3 T4 T3 TSH Tx T4

T3

Fig. 30 T3 Tx T3

TSH

Tx 7 T3

Table 9 T4 T3 Tx

T3 2

Tx BAT D2

mRNA T3

Tx T3 T3

T3 95) T3

Tx T3 T3

TGR5 cAMP

D2 T3  

TSH OATP MCT

96-98)

CA CDCA TCDCA

T3

CA CDCA  
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Fig. 30. Serum T4 (A) and T3 (B) concentrations 
before (day -1) and after (day 14) 
subcutaneous infusion of vehicle in 
control and vehicle or T3 (1.5 

g/head/day) in Tx rats 
mean ± SD (n=6), *p < 0.05 and **p < 0.01 compared with the controls. 

#p < 0.05 and ##p < 0.01 compared with the before replacements.  
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Table 9. Serum TSH concentrations in control 

and Tx rats with infused vehicle or T3

(1.5 g/head/day) 

mean ± SD (n=6) 
*p < 0.05 and **p < 0.01 compared with the controls.  
#p < 0.05 and ##p < 0.01 compared with the before replacements. 
a, the day before replacement; b, 14th day after replacement. 
Control, normal rats with vehicle replacement; Tx, Tx rats with vehicle replacement; Tx+T3, Tx rats 
with T3 replacement. 
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Tx T3

T4
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4   

 

Tx

Tx

Tx T3

 

Tx UPLC-QTOF/MS

4000

38 38

CA CDCA GCA GCDCA

CA CA

4 10 CA

CDCA GCA GCDCA TCA TCDCA TDCA THDCA TUDCA

Tx 8 Tx

CA CDCA TCDCA

Tx 7

Tx

TGR5 cAMP D2

T4 T3 93) CA CDCA

TCDCA TGR5 cAMP D2 T3

T3

T3 T4

Tx T3

Tx T3
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T3

T3 T4

T3 TSH T3 Tx T3

Tx

TSH T3 T3 Tx

T3 T3

TGR5 cAMP D2 T3

CA CDCA TCDCA T3

Tx T3

T4
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T4

 

1 Tx

T4 [13C9]T4

online SPE LC/MS/MS T4 T3 rT3

[13C9]T4

Tx

T4 Tx

T4 T3 T4 T3

Tx [13C9]T4 [13C9]T4

Tx [13C9]T4 t1/2

2 Tx T4

 

2

ID

T4
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T4 T3

T3 ID

T3 T4

[13C9]T4 [13C9]T4

ID [13C9]T4 t1/2

ID T4

Tx T4

 

3 Tx T4 T3

Tx T3 T4

Tx T4 T4

D1 D2 mRNA

Tx T4 T3

D1

T4 1

BAT D2 Tx T3

mRNA  

4

UPLC-QTOF/MS

CA CDCA

10 Tx 8

Tx CA CDCA

TCDCA Tx
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Tx T3

Tx T3

T3

T3 TSH

T3 Tx T3 T3

BAT TGR5 cAMP

D2 T4 T3

93) CA CDCA TCDCA

TGR5 cAMP D2 T3 T3

CA CDCA TCDCA T3

 

Tx T4 D1

CA CDCA TCDCA

T3

CA CDCA TCDCA
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1 4  

 

 

[2H5]T4 IS IsoSciences T4 T3 rT3 Sigma-Aldrich

Meiji Seika

 

 

[13C9]T4  

 

LC/MS/MS MS/MS AB SCIEX API5000

LC online FCV-12AH

Prominence SCL-10Avp FCV-11AL

LC-20AD SIL-HTc CTO-20A SPE

Shim pack MAYIODS 2.0 mm I.D. × 10 mm 50 mm )

Synergi Polar-RP 80A 2.0 mm I.D. × 50 mm 4 mm Phenomenex

45°C A-1 1.0 % v/v A-2 0.05%

v/v B C 0.05% v/v / 95 5

1 LC MS ESI 11 psi

1 GS1 80 psi GS2 60 psi 8.0 psi

5000 V 650°C SRM 2  
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1 LC  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 SRM  

 

 

 

 

 

 

T4 T3 rT3 [13C9]T4 100 mg/mL

100 50 20 10 5 2 1 0.5 0.2 0.1 

ng/mL IS 2 ng/mL  
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20 L IS 60 L

16 000 × g 5 min 10°C 0.1% v/v 40 

L 16 000 × g 5 min 10°C

80 L LC/MS/MS T4 T3 rT3 [13C9]T4

20 L IS 60 L  

 

T4 T3 rT3 [13C9]T4  

/IS

ng/mL  

 

[13C9]T4  

[13C9]T4 1 1

kel C0 2 3

t1/2 Vd 4 T4

SR  

Cp = C0 × e kel × t 1 

t1/2 = 0.693 / kel 2  

Vd = X0 / C0  3 

SR = Css × Vd × kel 4 

X0 ng t day Css T4 ng/mL  

 

TSH  

TSH ELISA Test Kit Endocrine Technology

 



89 
 

 

 

7 Crl:CD(SD)

1 23 5°C 60 20% 12 8 20

FR-2

3 m  

 

Tx  

1 2 cm

Tx 1 1%

w/v

1

 

 

 

30 16000 × g 5 min 4°C

 

 

 

10 mL A 100 400 mesh 1 g

16 1500 × g 10 min 4°C

16 000 × g 30 min 4°C 0.45 

m   
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1  

 

 

[13C9]Tyrosine ISOTECH

 

 

[13C9]T4  

[13C9]T4 1H-NMR JNM-ECP400 MS API5000

1H-NMR 400MHz DMSO-d6 13C :  7.82 (s, 2H), 7.13 

(s, 2H), 3.56 2.81 (3H, m) MS ESI : m/z 786.7[M H] , 739.9[M+H HCOOH] , 

642.9, 613.0, 583.8, 457.6, 388.8  

 

QC  

QC T4 T3 rT3 [13C9]T4 20 L

0.1 0.2 4 80 ng/mL IS 60 L  

 

 

1 Tx TSH  

Tx n = 5 3

9 12  

 

2 Tx T4  

[13C9]T4 1.5 mg 1 mol/L 20 L

3 g/mL Tx n = 5 [13C9]T4

1.5 g/500 L/kg 5 2 24

1 48  
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T4  

T4 T4

Tx T4 SR ERtx

T4 kel Vd Tx

T4 Css T4 ERcnt

T4 ERtx ERcnt T4

 

ERcnt = Css × Vd × kel 

 

 

5 Microsoft Excel 2003

Student’s t-test p < 0.05  
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2  

 

 

AIN-93G AIN-93G

Milli-Q Labo Millipore

 

 

 

1 ID TSH  

10 2 n = 5 ID 12

3 m

ID

9 12  

 

2 ID T4  

[13C9]T4 1.5 mg 1 mol/L 20 L

3 g/mL 9

ID n = 5 [13C9]T4 1.5 g/500 L/kg

5 2 24 1 48

 

 

 

5 Microsoft Excel 2003

Student’s t-test p < 0.05  
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3  

 

 

[125I]T4 [125I]rT3 [3H]estradiol PerkinElmer 125I

Sephadex LH-20 Pharmacia Rutgers 99)

[14C]1-naphthol American Radiolabeled Chemicals

model 2ML4 Alzet Dithiothreitol DTT sucrose bilirubin

p-nitrophenol glycine ascorbic acid Propylthiouracil

PTU bovine serum albumin BSA UDP-glucuronic acid 3Na UDPGA alamethicin

3’-phosphoadenosine-5’-phosphosulfate lithium salt hydrate PAPS Sigma

Ethylenediamine-N, N, N, N'-tetraacetic acid, disodium salt, dihydrate

EDTA 2Na Allprotect tissue reagent RNeasy mini kit

Qiazol lysis reagent QantiTect Reverse Transcription Kit QIAGEN

LightCycler FastStart DNA MasterPLUS SYBR Green I Roche Diagnostics

 

 

 

1 Tx T4 T3  

3 Tx 15 3 n = 5

0.5 mmol/L / Tx 2 T3 1.5 

g/head/day Tx+T3 7.5 g/head/day Tx+HT3

Tx 0.5 mmol/L

/ control n = 5

T3 T3 5 mg 1 mol/L 20 L

14 4
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[13C9]T4 1.5 g/500 L/kg

13 [13C9]T4 5 10 24

 

 

2 Tx T4  

0.5 mmol/L / Tx T3 1.5 

g/head/day Tx+T3

3 Tx n = 6

0.5 mmol/L /

control n = 6 14

BAT

80°C

RT-PCR RNA Allprotect tissue reagent

20°C  

 

 

5 20 

mM Tris-HCl pH7.6 0.25 mmol/L sucrose 1.2 mmol/L EDTA 5 mmol/L DDT

BiospecProducts 1000 × g 15 

min 4°C 80°C

10000 × g 20 min 4°C

105000 × g 60 min 4°C

80°C

BSA Lowry 100)  
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D1 D2 101-103) D1

400 nmol/L 105 cpm [125I]rT3 10 mmol/L DTT

0.3 mg protein/mL 37°C 60

D2 1 nmol/L 105 cpm

[125I]T4 25 mmol/L DTT 1 mmol/L PTU 1 mol/L T3 BAT

1 mg protein/mL 2 mg protein/mL 37°C

BAT 60 16

5% w/v BSA 0.1 mL 10%

v/v 0.5 mL 1500 × g 15 

min 4°C 0.1 mol/L

Sephadex LH-20 bed volume 0.25 mL 0.1 mol/L 2 mL

125I 125I ARC-1000M

1

 = SC BC × SA / PC × SV / 1000 / T 

D1: pmol/min/mg protein D2: fmol/hr/mg protein mg microsomal protein  

SC cpm BC

cpm SA /

pmol or fmol/cpm SV L PC mg/mL

T min or hr  

 

 

T4-UGT Beetstra 104)

1 mol/L 105 cpm [125I]T4 5 mmol/L UDPGA 0.5 mmol/L PTU 7.5 mmol/L 

MgCl2 25 g/mL alamethicin 75 mmol/L Tris-HCl pH7.4
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37°C 60

0.1 mol/L 0.8 mL

1000 × g 15 min 4°C 0.1 mol/L

Sephadex LH-20 bed volume 1 mL 0.1 mol/L

3 mL 20% v/v 5 mL [125I]T4

1

 

Bilirubin-UGT Miyagi 105)

125 mmol/L bilirubin 5 mmol/L UDPGA 5 mmol/L MgCl2 25 g/mL alamethicin

400 mmol/L Tris-HCl pH7.7 37°C

15 glycine/ 0.4 

mol/L pH2.7 150 L Diazo 150 L

25°C 30 10% w/v ascorbic acid

150 L 5 2-pentanone/n-butyl acetate 17 3 v/v

20°C 2000 × g 15 min

4°C 20°C 530 nm

 

C = A / × 106 

nmol/min/mg protein = SC BC /1000 / PC / T 

C nmol/L A abs b cm

SC nmol/L BC nmol/L PC

mg/mL T min  

p-Nitrophenol-UGT Beetstra 104)

1 mmol/L p-nitrophenol 5 mmol/L UDPGA 7.5 mmol/L MgCl2 25 g/mL 

alamethicin 75 mmol/L Tris-HCl pH7.4

37°C 10 0.1 mol/L
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3.8 mL 405 

nm bilirubin -UGT  

 

 

T4-SULT Kaptein 106)

0.1 mol/L 105 cpm [125I]T4 50 mol/L PAPS 0.5 mmol/L PTU 2 mmol/L EDTA

100 mmol/L phosphate pH7.2 37°C 30

0.1 mol/L 0.8 mL

1000 × g 15 min 4°C

0.1 mol/L Sephadex LH-20 bed volume 

1 mL 0.1 mol/L 3 mL 5 mL [125I]T4

1

 

Estradiol-SULT Peeters 107)

4 nmol/L 105 dpm [3H]estradiol 50 mol/L PAPS 2 mmol/L EDTA 100 mmol/L 

phosphate pH7.2 37°C 30

2 mL 2 mL

1 mL

LSC-5101

 

Naphthol-SULT Oddy 108)

10 mol/L 105 dpm [14C]1-naphthol 200 mol/L PAPS 15 mmol/L DTT 1 mg/mL 

BSA 30 mmol/L phosphate pH5.5

37°C 30 0.6 mol/L glycine/0.4 

mol/L 200 L 3 mL

2000 × g 5 min 4°C 200 L
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RT-PCR 

BAT Qiazol lysis reagent RNeasy mini 

kit total RNA QuantiTect Reverse Transcription Kit

total RNA 1 g cDNA

10 LightCycler FastStart DNA MasterPLUS SYBR Green I D1 D2

Ugt1a1 Ugt1a6 Sult1a1 Sult1c1 Gapdh RT-PCR

LightCycler 350S Roche

LightCycler3 Data Analysis Version3.5.28 Roche

3  

 

3 RT-PCR  

 

 

 

 

 

 

 

 

 

 

5 6 SAS System 

Release 9.2 SAS Institute

Tukey’s test p < 0.05   
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4  

 

 

CA CDCA GCA TUDCA TCDCA TDCA

Merck TCA GCDCA TLCA THDCA THCA Steraloids 

[2H5]CA [2H5]TCA  Toronto Research Chemicals

[2H4]GCA C/D/N isotopes

 

 

 

1 1

1 1 3 2  

 

 

 

LC/MS/MS MS Waters Xevo QTof/MS LC Waters

ACQUITY UPLC system Waters ACQUITY UPLC HSS T3 

column 2.1 mm I.D. × 100 mm 40°C

A 0.1 % v/v B

0 2 min A 99% 2 5 min A 99 5% 5 9 min A 5%

MS ESI 2.5 kV

500°C 150°C m/z 50 1000 0.1 

sec 25 V 5.0 eV 20.0 35.0 

eV

m/z 554.2615 [M H] 200 pg/mL /0.1% v/v 50

50 v/v MassLynx software v.4.1
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Waters  

 

 

1 1 Tx 3 Tx

40 L 80 L 16 000 × g 5 min 10°C

0.1% v/v 2 L UPLC-QTOF/MS

  

 

 

UPLC-TOF/MS MakerLynx XS

Waters

m/z EZ-info

Waters OPLS-DA OPLS-DA

S  

 

 

MarkerLynx XS

KEGG www.genome.jp/kegg/ HMDB www.hmdb.ca/ ChemSpider 

www.chemspider.com/ MS/MS

MassFragment application manager Waters

CA MS/MS
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LC/MS/MS MS Waters Xevo QTof/MS LC Waters

ACQUITY UPLC system Acquity UPLC BEH C18 2.1 mm I.D. 

× 100 mm 1.7 μm Waters 45°C A

10 mmol/L B 4 LC

MS ESI 2.3 kV

70 V m/z 50 1000 5 60 eV

150°C 500°C

m/z 554.2615 [M H] 200 pg/mL

/ 50 50 MS 5

10 25 ng/mL Min. 1000 10000 ng/mL Max.  

 

4 LC  

 

 

 

 

 

 

 

5 MS  

 

 

 

 

  

 



102 
 

  

 

10 g/mL

10 25 50 100 250 500 1000 2500 5000 10000 ng/mL

IS 2000 ng/mL  

 

 

1 1 3 2 50 L

50 L IS 50 L 1 20°C 20

16 000 × g 10 min 4°C 2 L

UPLC-QTOF/MS 50 L

50 L IS 50 L  

 

 

/IS

1/x2

nmol/mL  

 

 

10 5 6

Tx 2

Microsoft Excel 2003 Student’s t-test Tx Tx+T3

3 SAS System Release 9.2

Tukey’s test

p < 0.05  
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