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Metyrapone with a ketone group is well known as inhibitor of 11β-hydroxylase which is the enzyme 

involved in the biosynthesis of cortisol. This drug is used clinically as a therapeutic drug for the treatment 

of Cushing’s syndrome. Although the clinical route is an oral administration, the plasma pharmacokinetics 

has not been reported in experimental animals and has not been evaluated in humans in details. In addition, 

there are few reports related to MP metabolism in both experimental animals and humans. Furthermore, the 

determination method of MP and its metabolites has not been completely established. In this study, after 

the method to simultaneously determine MP and its metabolites was developed, the pharmacokinetics was 

evaluated in in vitro and in vivo studies. 

 

1) Development of simultaneous determination of MP and its metabolites 

High-performance liquid chromatography ultra violet detection (HPLC-UV) method was developed to 

simultaneously determine MP and its five metabolites. The total run time was 65 min including HPLC 

column washing. No interfering peaks were obtained for plasma, urine and microsomal (Ms), cytosolic 

(Cyt) and mitochondrial (Mit) fractions in all the tested tissues. The calibration curves were constructed by 

plotting the peak-height ratio of MP and its metabolites to the IS in the range of 1.13 - 90.0 ng/mL, which 

all the correlation coefficient were 0.999. The lower limit of quantification (LLOQ) defined as the lowest 

concentration on the calibration curve, which the high sensitive analysis was developed by HPLC-UV. 

 

2) Pharmacokinetics after a single oral administration of MP to male Wistar rats 

When MP was orally administered at a dose of 50 mg/kg to male Wistar rats, MP was rapidly absorbed 

followed by rapid decline. By the rapid elimination, metyrapol (MPOL), metyrapone N-oxide II (MP NOII) 

and metyrapol N-oxide II (MPOL NOII) were immediately detected in plasma. On the other hand, only a 



 

very small amount of MP was excreted in the urine. Taking into account these results, the rapid elimination 

of MP from plasma was more likely due to the rapid production of the above MP metabolites. Four 

metabolites (MPOL NOII>MP NOII>MPOL NOI>MPOL) were excreted in urine, which were different 

from the kinds and the rates of metabolites reported in male Sprague-Dawley (SD) rats. When the 

metabolic pathway of MP was predicted based on the amount of the metabolites observed in plasma and 

urine, it was presumed that MPOL NOII and MPOL NOI were produced from MPOL but not MP NOII and 

MP NOI. 

 

3) In vitro metabolism of MP in the subcellular fractions of tissues in male Wistar rats 

MP reductive and oxidative enzyme activities were investigated in the three subcellular fractions to 

clarify the primary tissue responsible for production of MP metabolites. Regarding the reductive enzyme 

activity to MPOL, it was suggested that the major metabolic tissue was the liver, judging from tissue 

weights. In addition, the activity was also highly observed in Ms and Mit of testis. On the other hand, the 

reductive and/or oxidative activities to other MP metabolites were too low in all the tissues to evaluate the 

major metabolic tissues. When sex difference in MP reductive activity in the liver Ms of rats was 

investigated, the difference was significantly observed from puberty. On the other hand, the developmental 

pattern of the activities from birth to adult age was different from that of the reductive activities of 

acetohexamide (AH) with a ketone group in previous report. In addition, MP reductive enzyme partially 

purified from the liver Ms of male Wistar rats did not metabolize AH, indicating that reductive enzyme of 

MP was different from that of AH. Higher MP reductive activity in males than in females is likely to the 

dependent on testosterone. Sex difference was also observed in the liver or kidney Ms and Cyt of five 

animals including rats. 

 

4) Inhibition of MP metabolism in the subcellular fractions of tissues 

The major enzyme involved in MP reductive and oxidative metabolism was investigated using the 

specific inhibitors of enzyme. It was suggested that 11β-hydroxysteroid dehydrogenase (11β-HSD) 1 



 

mainly involved in the reductive metabolism to MPOL in Ms and Mit in the liver of male Wistar rats, and 

that cytochrome P450 (CYP) mainly involved in the oxidative metabolism to MP NOII. When the 

inhibition conctant (IC50) of the reductive activity for 11β-HSD1 inhibition was calculated in the Ms and 

Mit, glycyrrthetinic acid (GA), a selective 11β-HSD1 inhibitor, inhibited the activity in a dose-dependent 

manner with an IC50 value of 0.62 and 0.10 μM, respectively. In addition, in testis with the secondary 

higher MP reductive activity, the acitivies in the Ms and Mit were inhibited by GA in a dose-dependent 

manner with an IC50 value of 0.13 and 0.07 μM, respectively. The effect of 11β-HSD1 inhibition by the 

co-administration of GA on the pharmacokinetics of MP and its metabolites was investigated in an in vivo 

study. By the co-administration of GA, MPOL and MPOL NOII plasma concentrations decreased contrary 

to the increase in MP and MP NOII plasma concentrations. MP reductive and oxidative enzyme activites 

were also evaluated in the liver Ms, Cyt and Mit of humans. Similar to the results of male Wistar rats, the 

reductive metabolic activity to MPOL and the oxidative activity to MP NOII were the highest in the Ms. 

Taking into account these metabolic activities and the proposed MP metabolic pathway in male Wistar 

rats,it was guessed that the production pathways of three metabolites (MPOL, MPOL NOII and MP NOII) 

in humans were similar to the rats. From the viewpoint of inhibitor sensitivities, it was suggested that the 

major enzyme involved in MP reductive (MPOL) and oxidative (MP NOII) metabolism were 11β-HSD1 

and CYP, respectively, similar to male Wisrat ras. 

 

In conclusion, the present study elucidated the plasma pharmacokinetics and metabolites of MP in male 

Wistar rats after an oral administration. In addition, the study suggested that the major enzymes involved in 

MP reductive and oxidative metabolism were 11β-HSD1 and CYP, respectively, in both male Wistar ras 

and humans. The metabolism of MP in humans would be similar its in male Wistar rats, judging from the 

metabolic activities of MP to the three metabolites (MPOL, MPOL NOII and MP NOII) and the proposed 

MP metabolic pathway in the rats. Therefore, male Wistar rats could be a relevant species for use in 

predicting drug-drug interactions of MP in humans. 
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area under the plasma concentration-time 
curve from time zero to time t 

Cmax  maximum plasma concentration 
CYP P450 cytochrome P450 
Cyt  cytosol fraction 
GA  glycyrrhetinic acid 
GC/MS  gas chromatography-mass spectrometry 
G-6-P -6-  glucose-6-phosphate 
G-6-PD -6-  glucose-6-phosphate dehydrogenase 

HPLC-UV  high performance liquid 
chromatography-ultraviolet detection 

11β-HSD 11β-  11β-hydroxysteroid dehydrogenase 
IC50 50  50% inhibitory concentration 

LC/MS  liquid chromatography-mass 
spectrometry 

LC-MS/MS  
liquid chromatography-tandem mass 
spectrometry 

LLOQ  lower limit of quantification 
Mit  Mitochondria fraction 
MP  metyrapone 
MPOL  metyrapol 
MP NOI N- I metyrapone N-oxide I 
MP NOII N- II metyrapone N-oxide II 
MPOL NOI N- I metyrapol N-oxide I 
MPOL NOII N- II metyrapol N-oxide II 
Ms  Microsomal fraction 

NADP+  
nicotinamide adenine dinucleotide 
phosphate 

NADPH  
nicotinamide adenine dinucleotide 
phosphate reduced form  

SD  Sprague-Dawley 
SDR  short chain dehydrogenase/redutase 
S9 9,000g  9,000g supernatant 
t1/2  elimination half-life 

tmax  time to reach the maximum plasma 
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Fig. 1. Chemical structures of MP and its metabolites 
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Fig. 2. Representative chromatograms of (A) MP and its five metabolites (MPOL NOI, 
MP NOI, MPOL NOII, MP NOII, MPOL) and an internal standard (IS), and (B) extract 
of control male rat liver microsomes. 
1: MPOL NOI, 2: MP NOI, 3: MPOL NOII, 4: MP NOII, 5: MPOL, 6: MP, 7: IS 
Each standard was prepared using a part of synthetics.  

 
 



 
- 9 - 

 

A B 

 

 

 

 

 
 
C D 
 

 

 

 

 
 
 
E F 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Calibration curves of MP and its five metabolites.  
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Fig. 4. Plasma concentration profiles of MP and its metabolites after a single oral 
administration of MP at a dose of 50 mg/kg to male rats. 
Each data point represents the mean of three separate determinations and error bars represent 
standard deviation. , MP; , MPOL; , MP NOI; , MP NOII; , MPOL NOII 
 
 
 
Table 1. Pharmacokinetic parameters of MP and its metabolites after a single oral 
administration of MP at a dose of 50 mg/kg to male rats 

tmax 
(h) 

Cmax 
(ng/mL) 

t1/2 
(h) 

AUClast 
(ng∙h/mL) 

AUC  
(ng∙h/mL) 

MP 0.25 255.5 0.99 216.0 219.6 
MPOL 2.0 156.5 0.66 833.9 835.8 
MPOL NOII 6.0 33.3 1.05 228.9 230.1 
MP NOII 2.0 21.4 6.13 192.0 245.1 
Each data point represents the mean of three separate determinations. The mean 
concentrations at each sampling time were used for the calculation of pharmacokinetic 
parameters. 
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Fig. 5. Ratio of MP and its metabolites in urine at 24 h after a single oral administration 
of MP at a dose of 50 mg/kg to male rats. 
Each data point represents the mean of three separate determinations, and error bars represent 
standard deviation, n=3. Data represent the percentage of the total peak ratio of MP and its 
metabolites to IS on HPLC chromatogram. 
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Fig. 6. Proposed metabolic Pathways of MP 
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Fig. 7. Activity for the reduction and oxidation of MP in mitochondrial (Mit), cytosolic 
(Cyt) and microsomal fractions (Ms) in male rat tissues. 
Each data point represents the mean of three separate determinations, and error bars represent 
standard deviation except for small intestine, subcutaneous fat and visceral fat, n = 3. Each 
data point represents the average of triple determinations, and error bars represent standard 
deviation regarding small intestine, subcutaneous fat and visceral fat, n=3. *: P < 0.05; 
statistical analysis was performed by Kruskal–Wallis and Dunn’s test. (A) MPOL, (B) MP 
NOII, (C) MP NOI, (D) MPOL NOII. 
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Fig. 8. Developmental profiles of MP reductase activities in liver microsomal fractions of 
male and female rats. 
Each data point represents the mean of six to eight separate determinations and error bars 
represent standard deviation. ; male, ; female, Significantly different from male rats at 
the same age (*; p<0.05, **; p<0.01, ***; p<0.001, student’s t test). 
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Fig. 9. Efect of castration of MP reductase activities in the liver microsomal fractions of 
male rats. 
Each data point represents the mean of three to six separate determinations and error bars 
represent standard deviation. Significantly different from control male rats (**; p<0.01, 
student’s t test) 
Control; sham-operated male rats 
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Fig. 10. Sex-related differences of metyrapone reductase activities in (A) microsomal 
and (B) cytosolic frations from the liver of the rat, mouse, hamster guinea pig, and 
rabbit. 
Each data point represents the mean of three separate determinations, and error bars represent 
standard deviation, n = 3. ; male, ; female, Significantly different from male animals (*; 
p<0.05, **; p<0.01, student’s t test).  
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Fig. 11. Sex-related differences of metyrapone reductase activities in (A) microsomal and 
(B) cytosolic frations from the kidney of the rat, mouse, hamster guinea pig and rabbit. 
Each data point represents the mean of three separate determinations, and error bars represent 
standard deviation, n = 3. ; male, ; female, Significantly different from male animals (*; 
p<0.05, **; p<0.01, ***; p<0.001, student’s t test). 
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Table 2. Substrate specificity of partially purified MP reductase for aldehyde and ketone 
compounds 

Substarate Relative activity (%) 
1 mM 4-benzoylpyridine 440 
1 mM Pyridine-4-aldehyde 229 
1 mM Pyridine-3-aldehyde 157 
1 mM 4-acetylpyridine 34 
1 mM p-nitroacetophenone 101 
1 mM Acetophenone 0 
1 mM Benzophenone 0 
10 mM DL-glyceraldehyde 0 
10 mM D-xylose 0 
10 mM D-Glucuronic acid 0 
1 mM Menadione 250 
1 mM MP 100 
1 mM Daunorubicin 0 
1 mM Ketoprofen 0 
1 mM Bufunolol 0 
1 mM Haloperidol 0 
1 mM Levobunolol 0 
1 mM AH 0 
1 mM fenbufen 0 
MP : Metyrapone, AH : Acetohexamide 
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Wistar MP MP
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4 2 Wistar MPOL

MP NOII Fig. 7 MP

MP

MPOL Ms Mit Cyt MP

MP NOII Ms

Table 3  

Ms Mit MPOL 1 μM T0504

11β-HSD1 91%

1 μM GA 11β-HSD1 72, 73) 

77 92% 1 mM phenobarbital
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62 68% 100 μM ketoconazole CYP

45 53% Cyt

MP 100 μM quercetin

65% MP NOII

100 μM ketoconazole 100 μM quercetin CYP

55 50%

MPOL MP NOII

11β-HSD1 CYP  

 
 
Table 3. Effects of various inhibitors on the production activity of MPOL and MP NOII 
in rat liver microsomal, mitochondrial and adrenal cytosolic fractions 
Measured substance  MPOL  MP NOII 
Subcellular fraction LMs LMit Acyt  LMs 
1 μM T0504  91.2±0.7 91.5±3.3    
1 μM GA  77.0±10.8 92.3±0.5 NT   
100 μM Phenobarbital  19.4±6.1 20.5±7.2   4.5±1.2 
1 mM Phenobarbital  61.5±4.2 68.4±6.7   12.2±0.9 
10 μM Ketoconazole  4.1±3.0 10.2±4.8   18±6.6 
100 μM Ketoconazole  45.3±6.8 53.3±7.8 11.3±0.0  55.3±23.8 
10 mM Pyrazol   33.1±0.0   19.9±8.0 
100 μM Quercetin  18.0±0.1 2.6±2.0 64.9±0.6  49.3±16.8 
Each data point represents the average and standard deviation of triple determinations, The 
data are expressed as percent inhibition relative to the production activity of MPOL and MP 
NOII in the tissue subcellular fractions as control in the absence of inhibitor. :no 
inhibition, NT; not tested. LMs, liver microsomal fraction; LMit, liver mitochondrial 
fraction; ACyt, adrenal cytosolic fraction. 
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3 In vitro in vivo MP GA  

 

3-1 MP GA  

 

Wistar Ms Mit NADPH

MP MPOL 11β-HSD1

T0504 1 μM Ms Mit MP

MPOL 91% Table 3 MPOL

11β-HSD1 11β-HSD1

MP MP

MP

GA in vitro

GA 11β-HSD1

IC50
 72)  

GA GA Ms Mit

IC50

Ms Mit IC50 0.62 0.10 

μM Fig. 12A 12B 11β-HSD1

GA 0.1 μM 10-7 M
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Fig. 12. Inhibitory effect of GA on MP reduction activity in liver microsomal (A) 
microsomal and (B) mitochondrial fractions.  
Each data point represents the average of triple determinations and error bars represent the 
standard deviation. The solid line represents the fitted line obtained by a nonlinear regression 
analysis. 
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3-2 MP GA  

 

4 2 Wistar Ms Mit MP

2.96 0.83 

nmol/min/mg protein Ms Mit GA

Fig. 13A 13B  

GA IC50

0.13 0.07 μM Fig. 13A 13B

GA 0.1 μM 10-7 M

1 μM T0504 Ms Mit

90% data not 

shown Ms Mit MPOL

11β-HSD1  
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Fig. 13. Inhibitory effect of GA on MP reduction activity in testis (A) microsomal and 
(B) mitochondrial fractions. 
Each data point represents the average of triple determinations and error bars represent the 
standard deviation. The solid line represents the fitted line obtained by a nonlinear regression 
analysis.  
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3-3 MP MPOL GA  

 

In vitro Ms Mit MP

GA IC50 10-7 M

MP GA MP

GA Wistar MP GA

MP MPOL

Fig. 14 Table 4 GA 11β-HSD1

73) MP 6

GA Lin

 73)  

GA MP Cmax MP MP

0.25 GA MP Fig. 14A

Table 4 MP t1/2 GA MP

2 2 Fig. 14A

Table 4 MP AUC6h 295.19 ng∙h/mL MP 130.81 ng∙h/mL

2.2 Table 4 MPOL GA

MP Fig. 14B MPOL

tmax MP 2 4

MP Fig. 14B

GA MPOL Cmax AUC6h 54.4 ng/mL 211.65 

ng∙h/mL MP 114.30 ng/mL 431.15 ng∙h/mL 1/2

Table 4  
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Fig. 14. Plasma concentration profiles of (A) MP and (B) MPOL after the 
co-administration of MP and GA or vehicle to male rats. 
MP was orally administered at a single dose of 50 mg/kg. GA was intraperitoneally 
administered three times at a dose of 10 mg/kg before the MP dose. Each data point represents 
the mean of three separate determinations and error bars represent the standard deviation. 
Asterisk (*) indicates significant differences compared to MP dose group at p < 0.05. , MP 
alone; , MP plus GA. 
 
 
Table 4 Pharmacokinetic parameters of MP and MPOL after the co-administration of 
MP and GA or vehicle to male rats 
Measured substance  MP MPOL 

Dose  MP alone GA combination MP alone GA combination 
tmax (h)  0.25 0.25 2.00 4.00 

Cmax (ng/mL)  75.50 73.80 114.30 54.4 
t1/2 (h)  1.29 2.26 3.15  

AUC6h (ng∙h/mL)  130.81 295.19 431.15 211.65 
AUC∞ (ng∙h/mL)  137.53 363.03 646.55  

MP was orally administered at a single dose of 50 mg/kg. GA was intraperitoneally 
administered three times at a dose of to 10 mg/kg before the MP dose. The pharmacokinetic 
parameters were calculated from mean plasma concentrations, n=3. , not calculated. 
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3-4 MPOL NOII MP NOII MP NOI GA

 

 

MP MPOL

GA MPOL

MP GA MP NOI MPOL NOII

MP NOII Fig. 15

Table 5 MPOL NOI

data not shown PK  

MPOL NOII GA MPOL

0.25 Fig. 15A MPOL NOII

MP 4

Fig. 15A MPOL NOII Cmax AUC6h 18.90 ng/mL

69.83 ng∙h/mL MP 31.30 ng/mL 119.94 ng∙h/mL

1/2 Table 5 GA MP NOII MP

MP 2 4 MP

Fig. 15B MP NOII Cmax AUC6h 38.80 ng/mL

163.01 ng∙h/mL MP 19.40 ng/mL 100.74 ng∙h/mL

2 1.6 Table 5 MP NOI

GA

Fig. 15C  
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Fig. 15. Plasma concentration profiles of (A) MPOL NOII, (B) MP NOII and (C) MP 
NOI after the co-administration of MP and GA or vehicle to male rats. 
MP was orally administered at a single dose of 50 mg/kg. GA was intraperitoneally 
administered three times at a dose of 10 mg/kg before the MP dose. Each data point represents 
the mean of three separate determinations and error bars represent the standard deviation. 
Asterisk (*) indicates significant differences compared to the MP dose group at p < 0.05. , 
MP alone; , MP plus GA.  
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Table 5. Pharmacokinetic parameters of MPOL NOII and MP NOII after the 
co-administration of MP and GA or vehicle to male rats 
Measured 
substance  MPOL NOII  MP NOII 

Dose  MP alone GA combination MP alone GA combination 
tmax (h)  4.00 4.00 2.00 2.00 

Cmax (ng/mL)  31.30 18.90 19.40 38.80 
t1/2 (h)    88.25 10.78 

AUC6h (ng∙h/mL)  119.94 69.83 100.74 163.01 
AUC  (ng∙h/mL)    2494.41 629.53 
MP was orally administered at a single dose of 50 mg/kg. GA was intraperitoneally 
administered three times at a dose of to 10 mg/kg before the MP dose. The 
pharmacokinetic parameters were calculated from mean plasma concentrations, n=3. 

, not calculated. 
 

 

  



 
- 53 - 
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4-1 MP  

 

in vitro Maser Ms Cyt MP

Cyt Cyt MPOL

DT-

 26) Mit MP MP

4 2 Wistar MP

Ms Mit

Cyt Table 6  

Ms Mit Cyt MP 2.92 1.10

1.05 nmol/min/mg protein 4 2 Wistar

Ms MP Maser

MP Ms Cyt

Maser 30  26) Ms 60

Cyt

MPOL MP NOII

Ms Mit 0.55 0.02 nmol/min/mg protein

MPOL MP NOII in vitro MP

Wistar MP
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Table 6. Activity for the reduction and oxidation of MP in liver microsomal, 
mitochondrial and cytosolic fractions in humans 

 Specific activity (nmol/min/mg protein) 
Measured substance MPOL  MP NOII 

LMs 2.92±0.04  0.55±0.02 
LMit 1.10±0.00  0.02±0.00 
LCyt 1.05±0.07  LLOQ 

Each data point represents the average and standard deviation of triple determinations, 
LMs, liver microsomal fraction; LMit, liver mitochondrial fraction; LCyt, liver cytosolic 
fraction. 

 

 

4-2 MP  

Ms Mit Cyt MPOL

Ms MP NOII

Table 7  

Ms Mit MPOL 1 μM T0504

11β-HSD1 92

55% Cyt

Cyt 100 μM quercetin

70%  

MP NOII Ms 100 μM ketoconazole

100 μM quercetin CYP

75 82%  

MP Cyt MPOL

CYP Wistar

MPOL MP NOII

11β-HSD1 CYP

Wistar Ms Mit MP
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Table 7. Effects of various inhibitors on the production activities of MPOL and MP NOII 
in human liver microsomal, mitochondrial, and cytosolic fractions 
Measured substance  MPOL  MP NOII 
Subcellular fraction LMs LMit LCyt  LMs 
1 μM T0504  92.3±1.4 54.5±1.5 6.3±1.4   
100 μM Phenobarbital  1.2±0.0  9.7±4.1  6.2±0.6 
1 mM Phenobarbital  11.4±0.4 11.3±6.4 6.2±1.5  12.3±0.9 
10 μM Ketoconazole   9.8±0.0 5.5±4.4  34.7±0.3 
100 μM Ketoconazole   16.1±5.2 9.6±0.0  75.2±1.6 
10 mM Pyrazol    3.8±4.6  7.7±2.9 
100 μM Quercetin   25.6±7.9 68.6±6.1  82.2±0.9 
Each data point represents the average and standard deviation of triple determinations, The 
data are expressed as percent inhibition relative to the production activity of MPOL and MP 
NOII in the tissue subcellular fractions as control in the absence of inhibitor. :no 
inhibition. LMs, liver microsomal fraction; LMit, liver mitochondrial fraction; LCyt, liver 
cytosolic fraction. 

 

 

5  

 

MP 11β-HSD

NMRI Ms DT-

Cyt Wistar Cyt

 17, 18, 25, 26) MP CYP SD

Ms  69) Wistar

MP Wistar

MP MP

MP



 
- 56 - 

 

GA 3

MP

 

Ms MPOL T0504 11β-HSD1

Table 3 Mit

Table 3 11β-HSD1 Ms  75, 77, 

78) Mit MP

11β-HSD1

phenobarbital ketoconazole CYP

11β-HSD

Ms 18, 25) Cyt

MPOL 11β-HSD1

Table 3 Wistar

Cyt 17) MP

MPOL

MPOL 11β-HSD1

Ms MP NOII ketoconazole

quercetin CYP CYP

Table 3 MP CYP

SD Ms 69)  

MPOL 11β-HSD1 Table 

3 11β-HSD1  9, 72, 74)

MP

11β-HSD1 GA 72, 73)



 
- 57 - 

 

GA 11β-HSD1 11β-HSD2

NADPH NAD+  75-78)

Wistar MPOL

NAD+ NADPH data not 

shown GA MP 11β-HSD1

MP GA

11β-HSD1 79)

GA 11β-HSD1 MP

GA Ms Mit

IC50 0.62 0.10 μM Fig. 12

GA Ms Mit IC50

0.13 0.07 μM Fig. 13 MPOL

11β-HSD1

IC50 11β-HSD1 GA Ki 0.44 μM

 72) GA MPOL

GA MP

GA MPOL MP MP

Cmax AUC6h MP 1/2 Fig. 

14B Table 6 GA 11β-HSD1

 73) MPOL

Cmax AUC6h 11β-HSD1

4 MPOL MP Fig. 

14B GA MP GA

11β-HSD1  73, 79) MP

GA MP MP 2 Cmax



 
- 58 - 

 

AUC6h MP 2.2 t1/2 2 Fig. 14A

Table 6 GA MP MPOL

MPOL

MPOL NOII GA MPOL

Cmax AUC6h MP 1/2 Fig. 15A Table 

7 MP NOII GA 2 4

Cmax AUC6h 2 1.6 Fig. 15B

Table 7 MP NOII CYP

GA Mit Ms

in vitro MP NOII

data not shown 11β-HSD1

MP NOII

GA MP

MPOL MPOL NOII MP NOII

Fig. 14 15 MPOL NOII

MP NOII MPOL MP

Fig. 6  

GA MPOL

MP AUC6h MP

GA Table 4 MPOL

MP  11) GA MP

MPOL

MPOL NOII MP NOII

11β-HSD1 CYP



 
- 59 - 

 

MP NOII

 

Wistar

MP MPOL MP 

NOII Ms Wistar

Table 6 Fig. 7 in vivo

MP 3 MPOL MPOL 

NOII MP NOII Ms Mit MP

11β-HSD1 Ms MP

CYP

MP 11β-HSD1 MP 3

Wistar  

Wistar Ms Mit MP

11β-HSD1 Ms MP

CYP

Wistar 3 MPOL MPOL NOII

MP NOII Wistar MP

MP  

 

6  

 

Wistar MP

11β-HSD1 GA MP

MP



 
- 60 - 

 

 

 

1 Wistar Ms MOL 1 μM T0504 11β-HSD1

11β-HSD1

Mit

Ms Mit

Wistar MP

 

 

2 Wistar MP NOII

Ms CYP Ms

Wistar MP NOII

 

 

3 GA Wistar Ms Mit MP

10-7 M Ms Mit MP

1 μM T0504 MP

11β-HSD1  

 

4 Wistar MP GA MPOL MPOL 

NOII MP MP MP 

NOII GA MP

11β-HSD1 MP

 

 



 
- 61 - 

 

5 MP MP

Wistar 3 MPOL MPOL NOII

MP NOII  

 

Wistar Ms Mit MP

11β-HSD1 Ms MP

CYP

in vivo Wistar 3 MPOL MPOL NOII

MP NOII Wistar MP

MP  



 
- 62 - 

 

7  

 

MP

MP MPOL in vivo SD 5

in vitro

MP

MP Wistar SD  18) MP

Wistar  

2 MP 5 HPLC-UV

3 Wistar MP MP

4 MP

MP

5

MP MP

in vitro in vivo

 

 

1 MP 5 HPLC-UV  

 

MP MP 5

HPLC-UV C18

IS 42

Wistar



 
- 63 - 

 

HPLC 65

r2 0.999 LLOQ

1.13 ng/mL

MP  

 

2 MP in vivo  

 

Wistar MP 50 mg/kg MP

tmax 0.25 t1/2 0.99

MP MPOL MP NOII MPOL NOII

MP MPOL MP AUC 4

 11) 4 MPOL NOII MP 

NOII MPOL NOI MPOL SD

MP

MPOL NOII MPOL NOI MPOL  

 

3 MP in vitro  

 

Wistar Ms MPOL

MPOL

MP

MP MP

MPOL MP 5



 
- 64 - 

 

MPOL AUC

Ms Mit MPOL

Wistar SD

SD Ms

Cyt MP  

Wistar Ms MP

Ms Cyt Ms Cyt

AH MP

AH

MP

MP

 

 

4 MP in vitro in vivo  

 

Wistar MPOL Ms Mit

11β-HSD1 T0504 Cyt

quercetin MP

11β-HSD1 Ms MP NOII

CYP ketoconazole quercetin



 
- 65 - 

 

 

11β-HSD1 GA Wistar

Ms Mit MP

T0504 Ms Mit

MPOL 11β-HSD1 Wistar

GA Cmax AUC6h MPOL MP NOII

MP MP NOII MP GA

1) MP

 

Ms Mit Cyt MP

MP Wistar 3 MPOL

MPOL NOII MP NOII Ms Mit

MPOL 11β-HSD1 T0504

Ms MP NOII CYP ketoconazole quercetin

Wistar MP

11β-HSD1

MP 3  

 

Wistar MP

MP   



 
- 66 - 

 

 

 

 

 

Metyrapone MP Sigma-Aldrich NaBH4

m-chloroperoxybenzoic acid magnesium sulfate

T0504 glycyrrhetinic 

acid GA Sigma-Aldrich phenobarbital quercetin ketoconazole

pyrazol HPLC 3-benzoylpridine

NADP+ glucose-6-phosphate

glucose-6-phosphate dehydrogenase magnesium chloride 6H2O

HPLC HPLC

Q HPLC

 

 

MP  

 

MP 5 MPOL MP NOI II MPOL NOI

II Kraulis  80) Crooks  81)

 

 

1 MPOL  

Kraulis  80) 15 mL MP 50 mg

NaBH4 50 mg 60

mL 15 mL 3



 
- 67 - 

 

magnesium sulfate TLC

/ 8 2 MPOL

/ 8 2 V/V silica gel 60

2×40 cm MPOL

 

 

2 MP NOI II  

Crooks  81) 50 mL MP 600 mg

m-chloroperoxybenzoic acid 1.0 g 10

/ 8 2 V/V

TLC MP NOI II 3

MPOL

2×40 cm MP NOI II

 

 

3 MPOL NOI II  

Kraulis  80) 15 mL 2 MP NOI

II 50 mg NaBH4 50 mg

60 MPOL MPOL NOI

II  

 

5 1H-NMR

Damani Crooks  16, 81)  

  



 
- 68 - 

 

2  

 

1  

MP 5 MP IS 3-benzoylpridine

20% Q  

2

Sep-Pak Plus C18 Waters USA

80% /10 mM Na-K pH8 2

3 4  

 

2 HPLC-UV  

HPLC-UV 40 μL HPLC

HPLC GL  

 

HPLC-UV GL-7480 GL-7410 UV GL-7450

GL-7432 GL  

Inertsil ODS-3 C18 5 μm 4.6  250 mm  

Inertsil Sustain 3 μm 4.0  10 mm  

40 C 

UV 254 nm 

  



 
- 69 - 

 

20% A 50% B  
min  A %  B %  C %  

Initial 100 0 0 
10 100 0 0 
35 0 100 0 
45 0 100 0 

45.1 0 0 100 
50 0 0 100 

50.1 100 0 0 

C 0.1% 80%  

 

 

3  

 

1  

Wistar 8 9 SLC  

 

2 MP  

5% MP 50 mg/mL 50 mg/kg

 

 

3  

1  

0.25 0.5 1 2 4 6 8 12 24

0.1 mL

3,000 g 10 min 4 C -80°C  

 

2  



 
- 70 - 

 

MP 24 48 72

 

 

4  

1  

200 μL IS 3-benzoylpridine 400 μL

30 20,630 g 5 min

4 C S pore size; 0.45 μm, filter diameter; 4 mm; 

HPLC  

 

2  

1 mL 10 mM Na-K pH8 1 mL Sep-Pak Plus 

C18 Waters USA apply 10 mM Na-K

pH8 4 mL 10% /10 mM Na-K pH8

1.5 mL 80% /10 mM Na-K pH8

2 mL 250 μL IS 500 μL

HPLC  

 

5  

HPLC-UV IS MP

MP

MP  

 

6  

MP



 
- 71 - 

 

Phoenix WinNonlin version 6.3, Pharsight

 

Cmax tmax t1/2 0

AUClast 0

AUC  

 

7 MP  

HPLC-UV IS MP

MP  

 

 

4  

 

1  

1 MP  

Wistar 8 9 SLC  

 

2 MP  

Wistar 2 4 6 8 10 ddY 8 9

Sylian 6 7 SLC Hartly 6 7

SLC 15 17 SLC  

 

3  

4 Wistar 7 SLC 8

 



 
- 72 - 

 

 

2  

1.15% KCl

3 5

 

 

3  

3 1.15% KCl 10 mmol/L Na/K

buffer pH7.4

Wistar

20

KAC 700  g 10 min 4 C

9,000  g 20 min 4 C S9

S9

9,000  g 20 min 4 C Mit S9

105,000  g 60 min 4 C Cyt Cyt

105,000  g 60 min

4 C Ms  

 

4  

MP Mit Ms Cyt MP 1 mM

NADPH 1.3 mM NADP 3.3 mM G-6-P 3.3 mM MgCl2 0.4 units/mL 

G-6- PDH 100 mM Na/K buffer pH7.4



 
- 73 - 

 

1/10

T0504 1 μM phenobarbital 100 1000 

μM ketoconazole 10 100 μM pyrazol 10 mM

quercetin 100 μM

2.5%

37 C 5 MP 60

IS 2

30 20,630 g 5 min 4 C

S HPLC

 

 

5  

Bicinchoninic acid BCA  82

Mit Ms Cyt 20μL Bicinchoninic acid/CuSO4 5H2O

50:1 200μL 37 C 30 570nm  

 

6 MP  

HPLC-UV MP IS

IS

1 mg 1

nmol/min/mg protein  

 

7  

In vitro 3



 
- 74 - 

 

MP

non-parametric Kruskal-Wallis Dunn’s test Wistar

5 unpaired Student’s t test

 

 

8 Ms MP  

Wistar 270 g Ms 4 2 3

Ms 0.6% X-100 20 mg/mL

1 Ms 105,000×g 60

0.05% X-100 0.5 mM EDTA 10 mM 2-

0.01 M pH7.4 A

10,000×g 20

A 30 mL/h DEAE-Sephacel 2.5×18 cm

A 0 0.3 M NaCl A 900 

mL MP 0.1 M NaCl

0.05 X-100 10 mM 2-

0.01 M pH 7.4 B

B 10 mL/h Hydroxylapatite 2.5×15 cm

B 150 mM MP

 

 

9 MP  

MP 1 mM NADPH 0.25 mM

0.1 M pH 6.0 700 μL

MP 30 C NADPH



 
- 75 - 

 

UV-240 MP

NADPH 340 nm unit 1

1 μmol NADPH ε 6.22×103 M-1∙ cm-1

 

 

 

5  

 

1  

Wistar 8 9 SLC  

 

2  

4 2

4 HPLC GA 0.0005

1 μM

Mit Ms Cyt Xenotech LLC USA 4

4

2.5%  

 

3  

4 5  

 

2 GA  

GA Lin  73) MP GA

2 GA 10 mg/kg 1 3



 
- 76 - 

 

GA MP 3 2

MP  

 

3  

0.25 0.5 1 2 4 6

3 3 1 -80°C  

 

4  

3 4 1 HPLC  

 

5  

MP 3 5  

 

6  

MP 3 7

 

Cmax tmax t1/2 0 6 AUC6h

AUC  

 

7  

In vivo in vitro 3

In vitro MPOL GA

IC50 GA unpaired Student’s 

t test MP  

  



 
- 77 - 

 

 

 

    

 

 

  

 

   

   

 

 

   

 

 

 

 

 

  

 

29 6  

 

  



 
- 78 - 

 

 

 

1. .    2013. 1 . : 

; 2013. p. 187-202. 

2. . . 2 . : ; 2007. p. 1-8. 

3. .  

  2013. 1 . : ; 2013. p. 99-106. 

4. .  . 2 . : 

; 2005. p. 1-8. 

5. .  

. 2 . : ; 2005. p. 63-102. 

6. Martignoni M, Groothuis GMM, Kanter RD, Species differences between mouse, rat, dog, 

monkey and human CYP-mediated drug metabolism, inhibition and induction. Expert 

Opin Drug Metab Toxicol. 2006; 2(6): 875-894. 

7. .  

. 2 . : ; 2005. p. 9-61. 

8. Rosemond MJC, Walsh JS, Human carbonyl reduction pathways and a strategy for their 

study in vitro. Drug Metab Rev. 2004; 36(2): 335-361. 

9. Hoffmann F and Maser E, Carbonyl Reductases and Pluripotent Hydroxysteroid 

Dehydrogenases of the Short-chain Dehydrogenase/reductase Superfamily. Drug Metab 

Rev. 2007; 39(1): 87-144. 

10. ® 250 mg  

11. Nagamine S, Horisaka E, Fukuyama Y, Maetani K, Matsuzawa R, Iwakawa S, Asada S, 

Stereoselective reductive metabolism of metyrapone and inhibitory activity of 

metyrapone metabolites, metyrapol enantiomers, on steroid 11 beta-hydroxylase in the rat. 



 
- 79 - 

 

Biol. Pharm. Bull. 1997; 20(2): 188-192. 

12. Usansky JI, Damani LA, Houston JB, The pharmacokinetics of metyrapone and 

metyrapol in the rat. J Pharm Pharmacol. 1984; 36: 28P. 

13. Usansky JI, Damani LA, Assay of metyrapone, metyrapol and the isomeric 

mono-N-oxides of metyrapone in biological fluids by high-performance liquid 

chromatography. J Chromatogr.1991; 563: 283-298. 

14. Usansky JI, Damani LA, The urinary metabolic profile of metyrapone in the rat. Drug 

Metab. Dispos. 1991; 20(1): 64-69. 

15. Chiarotto JA, Wainer IW, Determination of metyrapone and the enantiomers of its chiral 

metabolite metyrapol in human plasma and urine using coupled achiral-chiral liquid 

chromatography. J Chromatogr. 1995; 665: 147-154. 

16. Damani LA, Crooks PA, Metabolism of metyrapone. 2-Chromatographic and mass 

spectral properties of the N-oxides of metyrapone and metyrapol. Biomed Mas Spectrom. 

1981; 8(6): 270-277. 

17. Maser E, Hoffmann JG, Friebertshäuser J, Netter KJ, High carbonyl reductase activity in 

adrenal gland and ovary emphasizes its role in carbonyl compound detoxication. 

Toxicology. 1992; 74: 45-56. 

18. Maser E, Bannenberg G, 11β-hydroxysteroid dehydrogenase mediates reductive 

metabolism of xenobiotic carbonyl compounds. Biochem. Pharmacol. 1994; 47(10): 

1805-1812. 

19. Fujita S, Chiba M, Ohta M, Kitani K, Suzuki T, Alternation of plasma sex hormone levels 

associated with old age and its effect on hepatic drug metabolism in rats. J. 

Pharmacol.Exp.Ther. 1990; 253: 369-374. 

20. Waxman DJ, Morrissey JJ,LeBlanc GA, Female-predominant rat hepatic P-450 forms j 

(IIE1) and 3 (IIA1) are under hormonal regulatory controls distinct from those of the 



 
- 80 - 

 

sex-specific P-450 forms. Endocrinology. 1989; 124: 2954-2966. 

21. Waxman DJ, Morrissey JJ, MacLeod JN, Shapiro BH, Depletion of serum growth 

hormone in adult female rats by neonatal monosodium glutamate treatment without loss 

of female-specific hepatic enzymes P450 2d (IIC12) and steroid 5 alpha-reductase. 

Endocrinology. 1990; 126: 712-720. 

22. Kupfer D, Jansson I, Favreau LV, TheOharides AD, Schenkman JB, Regioselective 

hydroxylation of prostaglandins by constitutive forms of cytochrome P-450 from rat 

liver: formation of a novel metabolite by a female-specific P-450. Arch Biochem Biophys. 

1988; 261: 186-195. 

23. Imamura Y, Iwamoto K, Yanachi Y, Higuchi T, Otagiri M, Postnatal development, 

sex-related difference and hormonal regulation of acetohexamide reductase activities in 

rat liver and kidney. J.Pharmacol.Exp.Ther. 1993; 264: 166-171. 

24. Imamura Y, Honda Y, Ryu A, Murata H, Kojima Y, Otagiri M, Sex-related differences of 

acetohexamide reductase activities in the liver and kidney of various mammalian species. 

Res.Commun.Chem.Pathol.Pharmacol. 1993; 80: 371-374. 

25. Maser E, Netter KJ, Purification and properties of a metyrapone reducing enzyme from 

mouse liver microsomes-this ketone is reduced by an aldehyde reductase. Biochem. 

Pharmacol. 1989; 38(18): 3049-3054. 

26. Maser E, Gebel T, Netter KJ, Carbonyl reduction of metyrapone in human liver. Biochem. 

Pharmacol. 1991; 42: S93-S98. 

27. Martini R, Murray M, Characterization of the in vivo inhibition of rat hepatic microsomal 

aldehyde dehydrogenase activity by metyrapone. Biochem. Pharmacol. 1996; 51: 

1187-1193. 

28. .  . 2 . : 

; 2005. p. 121-130. 



 
- 81 - 

 

29. . . 2 . : ; 2007. p. 131-148. 

30. Obach RS, Baxter JG, Liston TE, Silber BM, Jones BC, Macintyre F, Rance DJ, Wastall 

P, The Prediction of Human Pharmacokinetic Parameters from Preclinical and In Vitro 

Metabolism Data. J.Pharmaco1.Exp.Ther. 1997; 283: 46-58. 

31. Iwatsubo T, Hirota N, Ooie T, Suzuki H, Shimada N, Chiba K, Ishizaki T, Green CE, 

Tyson CA, Sugiyama Y, Prediction of in vivo drug metabolism in the human liver from in vitro 

metabolism data. Pharmmol. Ther. 1997; 73: 147-171. 

32. Naritomi Y, Terashita S, Kimura S, Suzuki A, Kagayama A, Sugiyama Y, Prediction of 

Human Hepatic Clearance from in Vivo Animal Experiments and in Vitro Metabolic 

Studies with Liver Microsomes from Animals and Humans. Drug Metab. Dispos. 2001; 

29: 1316-1324. 

33. Lutter P , Savoy PMC, Campos GE, Meyer L, Goldmann T, Bertholet MC, Mottier P, 

Desmarchelier A, Monard F, Perrin C, Robert F, Delatour T, Screening and confirmatory 

methods for the determination of melamine in cow’s milk and milk-based powdered 

infant formula: Validation and proficiency-tests of ELISA, HPLC-UV, GC-MS and 

LC-MS/MS. Food Control. 2011; 22: 903-913. 

34. Shen HY, Jiang HL, Screening, determination and confirmation of chloramphenicol in 

seafood, meat and honey using ELISA, HPLC–UVD, GC–ECD, GC–MS–EI–SIM and 

GCMS–NCI–SIM methods. Anal. Chim. Acta. 2005; 535: 33-41. 

35. Vogeser M, Seger C, Pitfalls Associated with the Use of Liquid Chromatography–Tandem 

Mass Spectrometry in the Clinical Laboratory. Clin Chem. 2010; 56(8): 1234-1244. 

36. Hannah DM, Sprunt JG, The quantitation of metyrapone and its reduced derivative in 

urine. J Pharm Pharmacol. 1969; 21(12): 877-878. 

37. .  

. 2 . : ; 2005. p. 157-168. 



 
- 82 - 

 

38. .  . 4 . 

: ; 2011. p. 255-273. 

39. .  

. 2 . : ; 2005. p. 245-259. 

40. Kato R, Yamazoe Y, Sex-specific cytochrome P450 as a cause of sex- and species-related 

differences in drug toxicity. Toxicology Letters. 1992; 64-65: 661-667. 

41. Felsted RL, Bachur NR, Mammalian carbonyl reductases. Drug Metab.Rev. 1980; 11: 

1-60. 

42. Yamano S, Kareura E, lshida T, Toki S, Purification and characterization of guinea pig 

liver morphine 6-dehydrogenase. J.Biol.Chem. 1985; 260: 5259-5264. 

43. Wermuth B, Münch JDB, Wartburg JP, Purification and properties of NADPH-dependent 

aldehyde reductase from human liver. J.Biol.Chem. 1977; 252: 3821-3828. 

44. Gomez-Sanchez EP, Romero DG, de Rodriguez AF, Warden MP, Krozowski Z, 

Gomez-Sanchez CE, Hexose-6-Phosphate Dehydrogenase and 11β-Hydroxysteroid 

Dehydrogenase-1 Tissue Distribution in the Rat. Endocrinology. 2008; 149: 525-533. 

45. Bandiera S, Rtan DE, Levin W, Thomas PE, Age-and sex-related expression of 

cytochromes P450f and P450g in rat liver. Arch.Biochem.Biophys. 1986; 248: 658-676. 

46. Kamataki T, Maeda K, Yamazoe Y, Nagai T, Kato R, Sex difference of cytochrome P-450 

in the rat: Purification, characterization, and quantitation of constitutive forms of 

cytochrome P-450 from liver microsomes of male and female rats. Arch.Biochem.Biophys. 

1983; 225: 758-770. 

47. Kamataki T, Maeda K, Shimada M, Kitani K, Nagai T, Kato R, Age-related alteration in 

the activities of drug-metabolizing enzymes and contents of sex-specific forms of 

cytochrome P-450 in liver microsomes from male and female rats. J.Phamlacol.Exp.Ther. 

1985; 233: 222-228. 



 
- 83 - 

 

48. Kato R, Sex-related differences in drug metabolism. Drug Metab.Rev. 1974; 3: 1-32. 

49. Einarsson K, Gustafsson JA, Stenberg A, Neonatal imprinting of liver microsomal 

hydroxylation and reduction of steroids. J.Biol.Chem. 1973; 248: 4987-4997. 

50. Gustafsson JA, Stenberg A, Irreversible androgenic programming at birth of microsomal 

and soluble rat liver enzymes active on 4-androstene-3, 17-dione and 5α-androstane-3α, 

17β-diol. J.Biol.Chem. 1974; 249: 711-718. 

51. Reyes EF, Virgo BB, Neonatal programming of ethylmorphine demethylase and 

corticosteroid 5α-reductase by testosterone, dihydrotestosterone, and estradiol. Effects of 

an anti-estrogen, an anti-androgen, and an inhibitor of estrogen synthetase. Drug Metab. 

Dispo. 1987; 16: 93-97. 

52. Pak RCK, Tsim KWK, Cheng CHK, Pubertal gonadal hormones in modulating the 

testosterone dependency of hepatic aryl hydrocarbon hydroxylase in female rats. 

Pharmacology. 1984; 29: 121-127. 

53. Dannan GA, Guengerich FP, Waxman DJ, Hormonal regulation of rat liver microsomal 

enzymes. Role of gonadal steroids in programming, maintenance, and suppression of 

Δ4-steroid 5α-reductase, flavin-containing monooxygenase, and sex-specific cytochromes 

P-450. J.Biol.Chem. 1986; 261: 10728-10735. 

54. Bandiera S, Dworschak C, Effects of testosterone and estrogen on hepatic levels of 

cytochromes P450 2C7 and P450 2C11 in the rat. Arch.Biochem.Biophys. 1992; 296: 

286-295. 

55. Morgan ET, MacGeoch C, Gustaflsson JA, Hormonal and developmental regulation of 

expression of the hepatic microsomal steroid 16α-hydroxylase cytochrome P-450 

apoprotein in the rat. J.Biol.Chem. 1985; 260: 11895-11898. 

56. Gustaflsson JA, Mode A, Norstedt G, Skett P, Sex steroid induced changes in hepatic 

enzymes. Annu.Rev.Physiol. 1983; 45: 51-60. 



 
- 84 - 

 

57. Gustafsson JA, Stenberg A, Neonatal programming of androgen responsiveness of liver 

of adult rats. J.Biol.Chem. 1974; 249: 719-723. 

58. Imaoka S, Yamazoe Y, Kato R, FunaeY, Hormonal regulation of rat renal cytochrome 

P450s by androgen and the pituitary. Arch. Biochem.Biophys. 1992; 299: 179-184. 

59. Kamataki T, Maeda K, Shimada M, Nagai T , Kato R, Neonatal testosterone imprinting of 

hepatic microsomal drug metabolism and a male-specific form of cytochrome P-450 in 

the rat. J.Biochem. 1984; 96: 1939-1942. 

60. McClellan-Green PD, Linko P, Yeowell HN, Goldstein JA, Hormonal regulation of 

male-specific rat hepatic cytochrome P-450g (P-450IIC13) by androgens and the pituitary. 

J.Biol.Chem. 1989; 264:18960-18965. 

61. Hara A, Nakayama T, Deyashjki Y, Kariya K, Sawada H, Carbonyl reductase of dog liver: 

Purification, properties, and kinetic mechanism. Arch.Biochem.Biophys. 1986; 244: 

238-247. 

62. Sawada H, Hara A, The presence of two NADPH-linked aromatic aldehyde-ketone 

reductases different from aldehyde reductase in rabbit liver. Biochem.Pharmacol. 1979; 

28: 1089-1094. 

63. Hara A, lnoue Y, Nakagawa M, Naganeo F, Sawada H, Purification and characterization 

of NADP+-dependent 3α-hydroxysteroid dehydrogenase from mouse liver cytosol. 

J.Biochem. 1988; 103: 1027-1034. 

64. Oritani H, Deyashjki Y, Nakayama T, Hara A, Sawada H, Matsuura K, Bunai Y, Ohya I, 

Purification and characterization of pig lung carbonyl reductase. Arch.Biochem.Biophys. 

1992; 292: 539-547. 

65. Imamura Y, Higuchi T, Nozaki Y, Sugino E, Hibino S, Otagiri M, Purification and 

properties of carbonyl reductase from rabbit kidney. Arch.Biochem.Biophys. 1993; 300: 

570-576. 



 
- 85 - 

 

66. Kato R, Yamazoe Y, Hormonal Regulation of Cytochrome P450 in Rat Liver. Cytochrome 

P450. 1993; 105: 447-459. 

67. Yun KU, Oh SJ, Oh JM, Kang, KW, Myung, CS, Song G, Kim BH, Kim SK, Age-related 

changes in hepatic expression and activity of cytochrome P450 in male rats. Arch Toxicol. 

2010; 84:939–946. 

68. Kawai M, Bandiera SM, Chang TKH, Bellward GD,Growth Hormone Regulation and 

Developmental Expression of Rat Hepatic CYP3A18, CYP3A9, and CYP3A2. 

Biochem.Pharmacol. 2000; 59: 1277-1287. 

69. Graeve JD, Gielen JE, Kahl GF, Tüttenberg KH, Kahl R, Maume B, Formation of two 

metyrapone N-oxides by rat liver microsomes. Drug Metab. Dispos. 1978; 7(3): 166-170. 

70. Testa B, Jenner P, Inhibitors of Cytochrome P-450s and their mechanism of action. Drug 

Metab Rev. 1981; 12(1): 1-117. 

71. Shaw PN, Tseti J, Warburton S, Adedoyin A, Houston JB, Inhibition of antipyrine 

metabolite formation. Steady state studies with cimetidine and metyrapone in rats. Drug 

Metab. Dispos. 1986; 14(2): 271-276. 

72. Arampatzis S Kadereit B, Schuster D, Balazs Z, Schweizer RAS, Frey FJ, Langer T, 

Odermatt A, Comparative enzymology of 11β-hydroxysteroid dehydrogenase type 1 from 

six species. J Mol. Endocrinol. 2005; 35: 89-101. 

73. Lin D, Sun W, Wang Z, Chen LG, Chen XL, Wang SH, Li WS, Ge RS, Hu GX, The 

effect of Glycyrrhetinic Acid on Pharmacokinetics of Cortisone and Its Metabolite 

cortisol in Rats. J Biomed Biotechnol. 2012; 2012: 1-5. 

74. Diederrich S, Grossmann C, Hanke B, Quinkler M, Herrmann M, Bähr V, Oelkers W, In 

the search for specific inhibitors of human 11β-hydroxysteroid-dehydrogenases 

(11β-HSDs): chenodeoxycholic acid selectively inhibits 11β-HSD-I. Eur J Endocrinol. 

2000; 142: 200-207. 



 
- 86 - 

 

75. Tomlinson JW, Walker EA, Bujalska IJ, Draper N, Lavery GG, Cooper MS, Hewison M, 

Stewart PM, 11β-hydroxysteroid dehydrogenase type 1: A tissue-specific regulator of 

glucocorticoid response. Endocrine review. 2004; 25(5): 831-866. 

76. Ricketts ML, Verhaeg JM, Bujalska I, Howie AJ, Rainey WE, Stewart PM, 

Immunohistochemical Localization of Type 1 11β-Hydroxysteroid Dehydrogenase in 

Human Tissues. J Clin Endcr Metab. 1998; 83(4): 1325-1335. 

77. Maser E, Völker B, Friebertshäuser J, 11β-Hydroxysteroid Dehydrogenase Type 1 from 

Human Liver: Dimerization and Enzyme Cooperativity Support Its Postulated Role as 

Glucocorticoid Reductase. Biochemistry. 2002; 41: 2459-2465. 

78. Odermatt A, Atanasov AG, Balazs Z, Schweizer RAS, Nashev LG, Schuster D, Langer T, 

Why is 11β-hydroxysteroid dehydrogenase type 1 facing the endoplasmic reticulum 

lumen? Physiological relevance of the membrane topology of 11β-HSD1. Mol Cell 

Endocrinol. 2006; 248: 15-23. 

79. Marandici A, Monder C, Inhibition by glycyrrhetinic acid of rat tissue 

11β-hydroxysteroid dehydrogenase in vivo. Steroids. 1993; 58: 153-156. 

80. Kraulis I, Li TMP, Lantos CP, Birmingham MK, The reduction of SU-4885 by adrenal 

glands and other tissues and its inhibition by ACTH. Can J Biochem. 1968; 46(5): 

463-469. 

81. Crooks PA, Damani LA, Cowan DA, Synthesis of N-oxide derivatives of metyrapone and 

their detection as in vitro metabolites. J Pharm Pharmacol. 1981; 33(1): 309-312. 

82. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, Fujimoto 

EK, Goeke NM, Olson BJ, Klenk DC, Measurement of protein using bicinchoninic acid. 

Anal. Biochem. 1985; 150: 76-85. 


