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Abstract  

 

   The effects of flavonoids and quinones on NADPH- and NADH-dependent 

20α-hydroxysteroid dehydrogenase (20α-HSD) activities were examined in cytosolic 

fractions from the liver and kidney of mice.  Judging from the data for the inhibition of 

NADPH- and NADH-dependent 20α-HSD activities by flavonoids and quinones, 

enzyme catalyzing renal NADPH-dependent 20α-HSD activity was found to be distinct 

from enzyme(s) catalyzing hepatic NADPH- and NADH-dependent 20α-HSD activities.  

Sulfobromophthalein (SBP) had little ability to inhibit hepatic NADPH-dependent 

20α-HSD activity and bromophenol blue (BPB) exhibited a weak activation against the 

enzyme activity, whereas SBP and BPB were potent and moderate inhibitors, 

respectively, of hepatic NADH-dependent 20α-HSD activity.  Thus, enzyme catalyzing 

hepatic NADPH-dependent 20α-HSD activity appeared to be distinct from enzyme 

catalyzing hepatic NADH-dependent 20α-HSD activity.  The data for the pH profiles 

of hepatic NADPH- and NADH-dependent 20α-HSD activities also led us to the 

conclusion.  Based on these results, we propose the possibility that several distinct 

enzymes catalyze NADPH- and NADH-dependent 20α-HSD activities in cytosolic 

fractions from the liver and kidney of mice.   

 

Keywords: 20α-Hydroxysteroid dehydrogenase activity; Mouse liver; Mouse kidney; 

Cofactor requirement; Inhibitors; Activators  
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1. Introduction 

 

Aldo-keto reductases (AKRs) constitute a large family of enzymes that catalyze the 

NAD(P)(H)-dependent oxidoreduction of a variety of substrates, including sex steroids 

[1, 2].  20α-Hydroxysteroid dehydrogenase (20α-HSD) belongs to the AKR 

superfamily and catalyzes the stereoselective reduction of progesterone to its inactive 

metabolite 20α-hydroxy-4-pregnen-3-one [1, 3].  This enzyme has been originally 

purified from rat ovary and characterized [4-6].  Furthermore, genes encoding human, 

rabbit, rat, and mouse 20α-HSDs have been cloned [AKR1C1 (human), Akr1c5 (rabbit), 

Akr1c8 (rat), Akr1c18 (mouse)] [7-12].  Progesterone is necessary for maintaining 

mammalian pregnancy and its conversion into 20α-hydroxy-4-pregnen-3-one is 

associated with the termination of pregnancy.  On the other hand, progesterone at high 

levels has adverse effects on the development of fetuses [13, 14].  Thus, 20α-HSD 

probably plays a role in regulating the amount of progesterone and protects the fetuses 

from the cytotoxic effects of progesterone.   

   It has been reported that in mice, 20α-HSD activity or its mRNA expression is 

widely found in non-reproductive tissues [15-19].  Our previous paper [20] has also 

demonstrated that 20α-HSD activity is detectable in cytosolic fractions from the liver, 

kidney and lung of mice.  Interestingly, both NADPH and NADH were effective as the 

cofactors for 20α-HSD activity in mouse liver cytosol, whereas 20α-HSD activity in 

mouse kidney cytosol required only NADPH as the cofactor [20].  These findings 

suggest the existence of several distinct enzymes catalyzing 20α-HSD activity in 

non-reproductive tissues other than the ovary.  Such a well-known example is mouse 

17β-HSD type 5 (Akr1c6), which possesses a low 20α-HSD activity [17, 21].  
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Akr1c12 expressed highly in mouse liver and gastrointestinal tract may also catalyze 

20α-HSD activity, since this enzyme has the ability to reduce progesterone [18, 22].  

Furthermore, 20α-HSD activity in human placenta is catalyzed by 17β-HSD type 1 or 

type 2 belonging to short-chain dehydrogenase/reductase (SDR) enzymes [3].  

However, information on multifunctional enzymes that catalyze 20α-HSD activity in 

tissues such as the liver and kidney has been very limited.   

   The purpose of the present study was to elucidate the inhibition or activation by 

flavonoids, quinones and phthalein analogs such as phenolphthalein (PP) of enzymes 

that catalyze NADPH- and NADH-dependent 20α-HSD activities in cytosolic fractions 

from the liver and kidney of mice.  Furthermore, pH profiles of these 20α-HSD 

activities were compared with each other.   

 

2. Materials and methods 

 

2.1. Materials 

Progesterone and 20α-hydroxy-4-pregnen-3-one were purchased from Sigma (St. 

Louis, MO).  Flavonoids were obtained from the following sources: apigenin and 

naringenin (Aldrich, Milwaukee, WI); quercetin (Wako Pure Chemicals, Tokyo, Japan); 

fisetin (Tokyo Kasei, Tokyo, Japan); daidzein (Sigma).  Quinones were from the 

following sources: 9,10-phenanthrenequinone (9,10-PQ) (Sigma); 1,2-naphthoquinone 

(1,2-NQ), 1,4-naphthoquinone (1,4-NQ), 9,10-anthraquinone (9,10-AQ), 

aceanthrenequinone (AAQ) and acenaphthenequinone (ANQ) (Aldrich).  Phthalein 

analogs were from the following sources: phenolphthalein (PP) (Wako Pure Chemicals); 

sulfobromophthalein (SBP), phenolsulfonphthalein (PSP) and bromophenol blue 
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(3,3’,5,5’-tetrabromophenolsulfonphthalein, BPB) (Aldrich).  NADPH, NADH, NADP 

and NAD were purchased from Oriental Yeast (Tokyo, Japan).  All other chemicals 

were of reagent grade.   

 

2.2. Animals 

Male ddY mice at 8 weeks of age were purchased from Japan SLC (Shizuoka, 

Japan).  The animals had free access to a diet of standard laboratory chow and water.  

All animal experiments were undertaken in compliance with the guideline principles 

and procedures of Kumamoto University for the care and use of laboratory animals.   

 

2.3. Preparation of cytosolic fraction 

The animals were slightly anesthetized and killed by decapitation.  The liver and 

kidney were quickly excised, and homogenized in a Potter-Elvehjem homogenizer with 

three volumes of 10 mM sodium-potassium phosphate buffer containing 1.15% KCl 

(pH 7.4).  All subsequent procedures were performed at 3–5˚C.  The homogenates 

were centrifuged at 10,000g for 20 min and the resulting supernatants were centrifuged 

at 105,000g for 60 min to obtain the cytosolic fraction.  The cytosolic fractions from 

the liver and kidney of male mice were used as enzyme preparations.   

 

2.4. Assay of 20α-HSD activity 

The reaction mixture for the reduction activity consisted of progesterone (0.1 mM), 

cofactor (0.5 mM), enzyme preparation (cytosolic fraction) and 100 mM 

sodium-potassium phosphate buffer (pH 7.4) in final volume of 2.0 ml.  In the case of 

determination of the optimal pH, 100 mM sodium-potassium phosphate buffers at 
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5.0–9.0 were used.  The mixture was incubated at 37 ˚C for 30 min under aerobic 

condition.  The reaction was stopped by addition of 0.5 ml of 1.0 N HCl to the mixture.  

The reduction product (20α-hydroxy-4-pregnen-3-one) of progesterone was determined 

by high-performance liquid chromatography (HPLC) according to a slightly modified 

method of Swinney et al [23].  HPLC was carried out using a Shimadzu LC-10AD 

HPLC apparatus (Shimadzu, Kyoto, Japan) equipped with a Tosoh ODS-80Ts column 

(Tosoh, Tokyo, Japan) and a JASCO 875-UV monitor (240 nm) (JASCO, Tokyo, Japan).  

Mixture of water-acetonitrile-methanol-tetrahydrofuran (44:28:17:11, v/v) was used as a 

mobile phase at a flow rate of 0.6 ml/min.  Protein concentration was determined by 

the method of Lowry et al. [24] with bovine serum albumin as the standard.   

 

2.5. Inhibition experiments 

Inhibitors (flavonoids, quinones and phthalein analogs) were dissolved in dimethyl 

sulfoxide (DMSO) or methanol, and then added to the reaction mixture.  The final 

concentration of DMSO or methanol did not exceed 2 % (v/v), and this concentration 

did not affect the enzyme reaction.  The final concentration of inhibitors was 10 µM 

for flavonoids and quinones and 50 µM for phthalein analogs.  

 

3. Results 

 

3.1. Cofactor requirement for 20α-HSD activity 

   The cofactor requirement for 20α-HSD activity was re-examined in cytosolic 

fractions from the liver and kidney of mice (Fig. 1).  As expected, 20α-HSD activity in 

liver cytosol required NADH in addition to NADPH as the cofactors.  In kidney 
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cytosol, only NADPH was confirmed to be effective as the cofactor for the enzyme 

activity.   

 

3.2. Inhibition of 20α-HSD activity by flavonoids 

   Figure 2 shows the inhibitory effects of flavonoids on NADPH- and 

NADH-dependent 20α-HSD activities in cytosolic fractions from the liver and kidney of 

mice.  The enzyme activities were determined at a physiological pH of 7.4.  

Flavonoids except daidzein were potent inhibitors of hepatic NADPH-dependent 

20α-HSD activity (Fig. 2A).  The order of the inhibitory potencies of these flavonoids 

was fisetin > apigenin > naringenin > quercetin.  Furthermore, these four flavonoids 

were effective inhibitors of hepatic NADH-dependent 20α-HSD activity, although the 

inhibitory potencies were somewhat lower than those against hepatic 

NADPH-dependent 20α-HSD activity (Fig. 2B).  By contrast, these flavonoids 

including daidzein had little ability to inhibit renal NADPH-dependent 20α-HSD 

activity (Fig. 2C).   

 

3.3. Inhibition of 20α-HSD activity by quinones 

   The inhibitory effects of quinones on NADPH- and NADH-dependent 20α-HSD 

activities were examined in cytosolic fractions from the liver and kidney of mice.  As 

shown in Figs. 3A and 3B, 9,10-PQ and 1,2-NQ exhibited moderate inhibitions against 

hepatic NADPH- and NADH-dependent 20α-HSD activities.  The inhibitory potency 

of 9,10-PQ against renal NADPH-dependent 20α-HSD activity was lower than those 

against hepatic NADPH- and NADH-dependent 20α-HSD activities (Fig. 3C).  

Quinones other than 9,10-PQ and 1,2-NQ had little ability to inhibit these hepatic and 



 8

renal 20α-HSD activities, although 1,4-NQ inhibited weakly hepatic NADH-dependent 

20α-HSD activity.   

 

3.4. Inhibition or activation of 20α-HSD activity by phthalein analogs 

   In an attempt to elucidate the multiplicity of enzymes that catalyze 20α-HSD 

activity, the effects of phthalein analogs (PP, SBP, PSP and BPB) on NADPH- and 

NADH-dependent 20α-HSD activities were examined in cytosolic fractions from the 

liver and kidney of mice.  Among the phthalein analogs, PP and PSP were potent 

inhibitors of hepatic NADPH-dependent 20α-HSD activity (Fig. 4A).  These two 

compounds also inhibited hepatic NADH-dependent 20α-HSD activity (Fig. 4B).  

Interestingly, although SBP had little ability to inhibit hepatic NADPH-dependent 

20α-HSD activity and BPB exhibited a weak activation against the enzyme activity (Fig. 

4A), SBP and BPB were potent and moderate inhibitors, respectively, of hepatic 

NADH-dependent 20α-HSD activity (Fig. 4B).  As shown in Fig. 4C, SBP exhibited a 

potent inhibition against renal NADPH-dependent 20α-HSD activity, whereas PP had 

little ability to inhibit the enzyme activity.  Furthermore, PSP and BPB were found to 

activate weakly renal NADPH-dependent 20α-HSD activity (Fig. 4C).   

 

3.5. pH profile of 20α-HSD activity 

   Figure 5 shows the pH profiles of NADPH- and NADH-dependent 20α-HSD 

activities in cytosolic fractions from the liver and kidney of mice.  Hepatic 

NADPH-dependent 20α-HSD activity showed a broad pH optimum around 6.5 (Fig. 

5A).  On the other hand, the optimal pH of hepatic NADH-dependent 20α-HSD 

activity was around 7.4 (Fig. 5B).  In the case of renal NADH-dependent 20α-HSD 
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activity, a pH optimum was observed around 6.0 (Fig. 5C).   

 

4. Discussion  

    

   Enzymes belonging to the AKR1C subfamily have been demonstrated to function as 

various hydroxysteroid dehydrogenases (HSDs) [1, 2, 21].  For example, Akr1c6 and 

Akr1c18 catalyze 17β-HSD and 20α-HSD activities, respectively, in mouse tissues.  In 

addition to 17β-HSD activity, Akr1c6 exhibits a low 20α-HSD activity [17, 21].  We 

have recently shown that cofactor requirement for 20α-HSD activity in mouse liver is 

different from that in mouse kidney [20].  The different cofactor requirements for these 

20α-HSD activities were confirmed in the present study.  Thus, the multiplicity of 

enzymes catalyzing 20α-HSD activity was further examined in cytosolic fractions from 

the liver and kidney of mice.   

   Most recently, human progesterone metabolizing enzyme AKR1C1 (20α-HSD) has 

been shown to be potently inhibited by flavonoids like naringenin [25].  Interestingly, 

human 17β-HSD type 5 also possesses a high 20α-HSD activity [26], and is inhibited by 

flavonoids such as quercetin and kaempferol [27].  Our previous papers have 

demonstrated that 20α-HSD activities in mouse liver and rat liver are inhibited by 

flavonoids [20, 28].  Furthermore, AKR enzymes have been reported to display high 

catalytic activities for quinones including 9,10-PQ [29-32], suggesting that quinones are 

useful as substrate inhibitors of AKR enzymes.  Thus, the effects of flavonoids and 

quinones on NADPH- and NADH-dependent 20α-HSD activities were examined in 

cytosolic fractions from the liver and kidney of mice.  Judging from the data for the 

inhibition of these 20α-HSD activities by flavonoids and quinones, it is concluded that 
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enzyme catalyzing renal NADPH-dependent 20α-HSD activity is distinct from 

enzyme(s) catalyzing hepatic NADPH- and NADH-dependent 20α-HSD activities.  

However, flavonoids showed a similar tendency to inhibit efficiently hepatic NADPH- 

and NADH-dependent 20α-HSD activities, although the inhibitory potencies of 

flavonoids against hepatic NADH-dependent 20α-HSD activity were somewhat lower 

than those against NADPH-dependent 20α-HSD activity.  Quinones such as 9,10-PQ 

and 1,2-NQ also exhibited similar inhibitions against hepatic NADPH- and 

NADH-dependent 20α-HSD activities.   

   In order to characterize further enzyme(s) catalyzing hepatic NADPH- and 

NADH-dependent 20α-HSD activities, we compared the effects of phthalein analogs 

such as PP on these enzyme activities.  It has been reported that phthalein analogs not 

only inhibit AKRs, but also activate them [33-35].  For example, SBP produces 

inhibition and activation, respectively, for mouse Akr1c20 and human AKR1C4 

(3α-HSD type 1) [34, 35].  Thus, several phthalein analogs (PP, SBP, PSP and BPB) 

were used as specific inhibitors or activators of enzymes catalyzing 20α-HSD activity.  

Although SBP had little ability to inhibit hepatic NADPH-dependent 20α-HSD activity 

and BPB exhibited a weak activation against the enzyme activity, SBP and BPB were 

potent and moderate inhibitors, respectively, of hepatic NADH-dependent 20α-HSD 

activity.  These results indicate clearly that enzyme catalyzing hepatic 

NADPH-dependent 20α-HSD activity is distinct from enzyme catalyzing hepatic 

NADH-dependent 20α-HSD activity.  The data for the pH profiles of hepatic NADPH- 

and NADH-dependent 20α-HSD activities also led us to the conclusion.    

   Among mouse members of the AKR1C subfamily, Akr1c18 (20α-HSD), Akr1c6 

(17β-HSD type 5) and Akr1c12 have the ability to catalyze 20α-HSD activity [17, 21, 
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22].  Akr1c18 is highly expressed in the ovary, kidney, lung and spleen [18].  On the 

other hand, Akr1c6 is a liver-specific enzyme [18] and Akr1c12 is highly expressed in 

the liver and gastrointestinal tract [18, 22].  Furthermore, although Akr1c6 is an 

NADPH-dependent enzyme [17], Akr1c12 utilizes NADH in addition to NADPH as the 

cofactor [22].  Based on these results, we propose the possibility that hepatic 

NADPH-dependent 20α-HSD activity is mainly catalyzed by Akr1c6 rather than by 

Akr1c12.  Unlike hepatic NADPH-dependent 20α-HSD activity, hepatic 

NADH-dependent 20α-HSD activity is probably catalyzed by only Akr1c12.   In the 

ovary, 20α-HSD plays an important role in the conversion of progesterone into its 

inactive metabolite.  Unexpectedly, Akr1c18 (mouse NADPH-dependent 20α-HSD) is 

highly expressed not only in the ovary, but also in the kidney as described above [18].  

Akr1c18 may be an enzyme catalyzing renal NADPH-dependent 20α-HSD activity.  

Furthermore, it is possible that SDR enzymes in addition to AKR enzymes are involved 

in 20α-HSD activity.  A possible approach to this problem is to investigate the 

potencies of specific inhibitors for SDR enzymes.   

   In conclusion, the present study provides evidence that several distinct enzymes 

belonging to the AKR1C subfamily catalyze 20α-HSD activity (the stereoselective 

reduction of progesterone to 20α-hydroxy-4-pregnen-3-one) in cytosolic fractions from 

the liver and kidney of mice.  Further studies are in progress to identify multifunctional 

enzymes catalyzing 20α-HSD activity in non-reproductive tissues of mice.   
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Figure legends:  

 

Fig. 1.  Cofactor requirement for 20α-HSD activities in cytosolic fractions from the 

liver and kidney of mice.  (A) liver; (B) kidney.  Progesterone (0.1 mM) was used as 

the substrate and NADPH, NADH, NADP or NAD (0.5 mM) was used as the cofactor.  

Each bar represents the mean ± S.D. of three to five experiments.   

 

Fig. 2.  Inhibition of NADPH- and NADH-dependent 20α-HSD activities in cytosolic 

fractions from the liver and kidney of mice by flavonoids.  (A) hepatic 

NADPH-dependent 20α-HSD activity; (B) hepatic NADH-dependent 20α-HSD 

activity; (C) renal NADPH-dependent 20α-HSD activity.  Progesterone (0.1 mM) was 

used as the substrate and NADPH or NADH (0.5 mM) was used as the cofactor.  The 

concentration of flavonoids was 10 μM.  Each bar represents the mean ± S.D. of three 

experiments.  

 

Fig. 3.  Inhibition of NADPH- and NADH-dependent 20α-HSD activities in cytosolic 

fractions from the liver and kidney of mice by quinones.  (A) hepatic 

NADPH-dependent 20α-HSD activity; (B) hepatic NADH-dependent 20α-HSD 

activity; (C) renal NADPH-dependent 20α-HSD activity.  Progesterone (0.1 mM) was 

used as the substrate and NADPH or NADH (0.5 mM) was used as the cofactor.  The 

concentration of quinones was 10 μM.  Each bar represents the mean ± S.D. of three to 

five experiments. 
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Fig. 4.  Inhibition or activation of NADPH- and NADH-dependent 20α-HSD activities 

in cytosolic fractions from the liver and kidney of mice by phthalein analogs.  (A) 

hepatic NADPH-dependent 20α-HSD activity; (B) hepatic NADH-dependent 20α-HSD 

activity; (C) renal NADPH-dependent 20α-HSD activity.  Progesterone (0.1 mM) was 

used as the substrate and NADPH or NADH (0.5 mM) was used as the cofactor.  The 

concentration of phethalein analogs was 50 μM.  Each bar represents the mean ± S.D. 

of three to seven experiments.  

 

Fig. 5.  pH profiles of NADPH- and NADH-dependent 20α-HSD activities in cytosolic 

fractions from the liver and kidney of mice.  (A) hepatic NADPH-dependent 20α-HSD 

activity; (B) hepatic NADH-dependent 20α-HSD activity; (C) renal NADPH-dependent 

20α-HSD activity.  Progesterone (0.1 mM) was used as the substrate and NADPH or 

NADH (0.5 mM) was used as the cofactor.  Each point represents the mean ± S.D. of 

three to five experiments.   

 


