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Abstract 

 

The structure-activity relationships of flavonoids with regard to their inhibitory effects 

on phosphodiesterase (PDE) isozymes are little known. The activities of PDE1~5 were 

measured by a two-step procedure using cAMP with [3H]-cAMP or cGMP with 

[3H]-cGMP as substrates. In the present results, PDE1, 5, 2, and 4 isozymes were 

partially purified from guinea pig lungs in that order, and PDE3 was from the heart. The 

IC50 values of PDE 1~5 were greater than those reported previously for the reference 

drugs, vinpocetin, EHNA, milrinone, Ro 20-1724, and zaprinast, by 5-, 5-, 7-, 5-, and 

3-fold, respectively. As shown in Table 2, luteolin revealed non-selective inhibition of 

PDE1~5 with IC50 values in a range of 10~20 µM, as did genistein except with a low 

potency on PDE5. Daidzein, an inactive analogue of genistein in tyrosine kinase 

inhibition, showed selective inhibition of PDE3 with an IC50 value of around 30 µM, as 

did eriodictyol with an IC50 value of around 50 µM. Hesperetin and prunetin exhibited 

more-selective inhibition of PDE4 with IC50 values of around 30 and 60 µM, respectively. 

Luteolin-7-glucoside exhibited dual inhibition of PDE2/PDE4 with an IC50 value of 

around 40 µM. Diosmetin more-selectively inhibited PDE2 (IC50 of 4.8 µM) than PDE1, 

PDE4, or PDE5. However, biochanin A more-selectively inhibited PDE4 (IC50 of 8.5 µM) 

than PDE1 or PDE2. Apigenin inhibited PDE1~3 with IC50 values of around 10~25 µM. 

Myricetin inhibited PDE1~4 with IC50 values of around 10~40 µM. The same was true 

for quercetin, but we rather consider that it more-selectively inhibited PDE3 and PDE4 

(IC50 of < 10 µM). In conclusion, it is possible to synthesize useful drugs through 

elucidating the structure-activity relationships of flavonoids with respect to inhibition of 
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PDE isozymes at concentrations used in this in vitro study. 

 

Keywords: Flavonoids; guinea pig; lung; heart; phosphodiesterase isozymes; 

structure-activity relationships 
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Introduction 

 

Phosphodiesterases (PDEs) have been classified according to their primary protein 

and cDNA sequences, co-factor and substrate specificities, and pharmacological roles. It 

is now known that PDEs comprise at least 12 distinct enzyme families that hydrolyze 

cAMP and/or cGMP [1]. PDE1~5 isozymes, which are calcium/calmodulin-dependent 

(PDE1), cGMP-stimulated (PDE2), cGMP-inhibited (PDE3), cAMP-specific (PDE4), 

and cGMP-specific (PDE5), have been found to be present in canine trachea [2], guinea 

pig lung [3], and human bronchi [4]. In the guinea pig airway, PDE3 and 4 have been 

identified [5], but other isozymes might also be present. PDE3, 4, or dual 3/4 inhibitors 

were reported to have potential in the treatment of asthma [6].  

Flavonoids are naturally occurring polyphenolic compounds with a wide distribution in 

the plant kingdom. It is thought that the average Westerner consumes approximately 1 g 

of flavonoids per day in the diet [7]. These plant flavonoids are reported to have 

therapeutic potentials because of their scavenging, antioxidant [8], anti-inflammatory [9], 

anticancer [10], antimutagenic [11], and antispasmodic properties [12]. Also, flavonoids 

have been reported to inhibit xanthine oxidase [13], protein kinase C [14], and PDE [15]. 

However, little is known about the structure-activity relationships between flavonoids 

and their inhibitory effects on PDE isozymes. In the present study, we attempted to 

determine these relationships, which may be helpful for understanding the active moieties 

of these isozymes. 
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2. Materials and Methods  

 
2.1. Reagents and drugs 
 

Apigenin, chrysin, quercetin, myricetin, hesperetin, daidzein, biochanin A, genistein, 

Bistris base, Trizma base, d,l-dithiothreitol, benzamidine, zaprinase, EDTA, EGTA, 

PMSF, BSA, cyclic AMP, cyclic GMP, calmodulin, Dowex resin, DMSO, Crotalus atrox 

snake venom, etc. were purchased from Sigma Chemical. Luteolin, luteolin-7-glucoside, 

and diosmetin were purchased from Indofine Chemical. Eriodictyol and prunetin were 

purchased from Fluka Chemie. Vinpocetin, EHNA, Ro 20-1724, and milrinone were 

purchased from Biomol. [3H]cAMP, [3H]cGMP, Q-sepharose, and calmodulin-agarose 

were purchased from Amersham Pharmacia Biotech. Ethyleneglycol was purchased from 

Merck. Other reagents, such as CaCl2, MgCl2, and NaCl, were of analytical grade.  

Vinpocetin, EHNA, Ro 20-1724, and PMSF were dissolved in ethyl alcohol. 

Milrinone and zaprinast were dissolved in DMSO. EGTA was dissolved in 3 N NaOH. 

All flavonoids were dissolved in a mixture of DMSO and ethyl alcohol (1: 1). Other 

drugs were dissolved in distilled water. The final concentration of ethyl alcohol or DMSO 

was less 0.1% and did not significantly affect the activities of the PDE isozymes.  

 

2.2. Separation of cyclic nucleotide PDE isozymes 

 

Under a protocol approved by the Animal Care and Use Committee of Taipei Medical 

University, five male guinea pigs (Hartley), weighing 500~600 g, were sacrificed. 

According to the method described by Ko et al. [16], their lungs (15 g) or hearts (4 g) 
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were chopped into small pieces and homogenized with a glass/teflon homogenizer 

(Glas-Col) in 10 volumes of cold medium (pH 7.5) containing 20 mM Tris-HCl, 2 mM 

benzamidine, 2 mM EDTA, 50 mM sodium chloride, 0.1 mM PMSF, and 1 mM 

dithiothreitol. At 4 ℃, the homogenate was centrifuged at 170 g for 5 min, and the 

supernatant was then re-centrifuged at 40,000 g for 30 min. The final supernatant fraction 

was filtered through 0.22-µm filters and applied to a Q-sepharose fast flow column (2.2 × 

28 cm) pre-equilibrated in homogenization buffer. The column was washed with two bed 

volumes of homogenate buffer to remove unbound material. Proteins bound to the 

Q-sepharose beads were eluted with various concentrations (0.23, 0.34, 0.44, 0.69, and 

1.00 M) of NaCl in homogenate buffer (40 mL each concentration) at a flow rate of 30 

mL/h. Fractions (3 mL) were collected, ethylene glycol was added to a final 

concentration of 30% (v/v), and then the samples were frozen at –70 ℃. Under these 

conditions, the enzyme activity was stable for at least 3 months. In order to eliminate 

possible contamination of PDE5 by PDE1, the second peak of activity was further 

purified on a calmodulin-agarose column. The column (1.6 × 4 cm) was pre-equilibrated 

by a buffer containing 20 mM Bistris, 1 mM dithiothreitol, 2 mM benzamidine, 50 mM 

NaCl, 3 mM MgCl2, 0.1 mM CaCl2, and 0.1 mM PMSF, pH 6.5 (buffer A). The sample, 

with a concentration of CaCl2 adjusted to 2 mM, was loaded and allowed to be absorbed 

on the gel for 30 min. The PDE isoezymes were eluted by stepwise elution using 20 mL 

of buffer A followed by 20 mL of buffer A with 1 M NaCl and 20 mL of buffer A with 1 

M NaCl plus 1 mM EGTA. PDE5 was collected first followed by PDE1. 

 

2.3. Cyclic nucleotide PDE assay 
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The activities of PDE1~5 in the homogenate were measured with a two-step procedure 

according to the method of Thompson and Appleman [17], using cAMP with [3H]-cAMP 

or cGMP with [3H]-cGMP as substrates. The enzyme preparation (25 µL) was incubated 

for 30 min at 37 ℃ in a total assay volume of 100 µL containing 50 mM Tris/HCl (pH 

7.4), 3 mM MgCl2, 1 mM dithiothreitol, 0.05% BSA, 1 µM cAMP with 0.2 µCi 

[3H]-cAMP as a substrate alone or in the presence of 0.1 unit calmodulin with 10 µM 

CaCl2 or 5 µM cGMP, and 1 µM cGMP with 0.2 µCi [3H]-cGMP as another substrate 

alone or in the presence of 0.1 unit calmodulin with 10 µM CaCl2. In tests of enzyme 

inhibition, the reaction mixture contained 10 µL of vehicle or inhibitors, at various 

concentrations of flavonoids or selective PDE1~5 inhibitors, such as vinpocetin [18], 

EHNA [19], milrinone [20], Ro 20-1724 [21], and zaprinast [22], as reference drugs, 

respectively. The reagents and homogenate were mixed on ice, and the reaction was 

initiated by transferring the mixture to a water bath at 37 ℃. Following a 30-min 

incubation, the reaction was stopped by transferring the reaction vessel to a bath of 

boiling water for 3 min. After cooling on ice, 20 µL of a 1 mg/mL solution of Crotalus 

atrox venom was added to the reaction mixture, and the mixture was incubated at 37 oC 

for 10 min. Unreacted [3H]-cAMP or [3H]-cGMP was removed by the addition of 500 µL 

of a 1-in-1 Tris-HCl (40 mM) buffer suspension of Dowex resin (1 × 8─200) with 

incubation on ice for 30 min. Each tube was then centrifuged for 2 min at 6000 rpm, and 

150 µL of the supernatant was removed for liquid scintillation counting. Less than 10% 

of the tritiated cyclic nucleotide was hydrolyzed in this assay.  
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2.4. Statistical analysis 
 

Concentrations of flavonoids at which 50% of maximum activity (IC50 value) was 

produced were compared to each other. The IC50 values of flavonoids and various 

reference drugs were calculated using non-linear regression analysis by the software 

SigmaPlot 4.0 (Sigma). All values are shown as the mean ± SEM. Differences among 

these values were statistically calculated by one-way analysis of variance (ANOVA), and 

then determined by the least significant difference (LSD). The difference between two 

values, however, was determined by use of Student′s unpaired t-test. Differences were 

considered statistically significant if the P value was less than 0.05.
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3. Results 

 

3.1. Separation of PDE isozymes and their inhibition by flavonoids 

 

As in our previous report [16], PDE subtype 1 (fraction 10~14), 5 (fraction 22~28), 2 

(fraction 34~36), and 4 (fraction 42~50) isozymes were partially purified from guinea pig 

lungs in that order, while subtype 3 (fraction 44~46) isozyme was from the heart. The 

IC50 values of the reference drugs of vinpocetin, EHNA, milrinone, Ro 20-1724, and 

zaprinast for PDE 1~5 were respectively determined (Table 2). In the present results, the 

IC50 values were greater than those previously reported [18-22] by 5-, 5-, 7-, 5-, and 

3-fold, respectively. Thirteen natural and synthetic flavonoids, divided into the four 

classes of flavones, flavonols, flavanones, and isoflavones (Table 1), were tested for their 

inhibitory effects on PDE 1~5; their IC50 values were determined and are listed in Table 

2. 

 

3.2. Inhibitory effects of flavonoids on PDE1 

 

The IC50 value of diosmetin on PDE1 inhibition did not significantly differ from that of 

luteolin, suggesting that methylation of the C-4´ hydroxyl group of flavones does not 

alter the potency of PDE1 inhibition. This suggestion is supported by the fact that neither 

eriodictyol nor hesperetin had an effect (IC50 >100 µM) on PDE1 inhibition, as shown in 

Table 2. By comparisons of the inhibition of PDE1 between luteolin and eriodictyol, and 

between diosmetin and hesperetin, therefore, it was concluded that the presence of a 
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double bond between C-2 and C-3 may be very important for PDE1 inhibition. This 

conclusion has also been suggested for a guinea pig tracheal relaxant [23], and for lipid 

peroxidation-inhibiting [24], and NO production-inhibiting activities in LPS-activated 

RAW 264.7 cells [25]. However, deletion of the C-4´ hydroxyl group of apigenin to form 

chrysin resulted in no effect on PDE1 inhibition, suggesting that the presence of the C-4´ 

hydroxyl group of flavones is very important. Contrarily, the presence of the C-3´ 

hydroxyl group of flavones is not important, because the IC50 value of luteolin did not 

significantly differ from that of apigenin. Glycosylation of the C-7 hydroxyl group of 

luteolin may greatly reduce its potency, suggesting that the bulky glycosyl residues may 

hinder its binding to the moiety of the isozyme, and that the hydroxyl group is very 

important for PDE1 inhibition. The IC50 value of luteolin for PDE1 inhibition did not 

significantly differ from that of quercetin, suggesting that flavones may be similar to 

flavonols with regard to PDE isozyme inhibition. Also, the IC50 value of apigenin for 

PDE1 inhibition did not significantly differ from that of genistein, a specific tyrosine 

kinase inhibitor [27], suggesting that flavones may be similar to isoflavones in their 

inhibition of PDE isozymes. The C-5´ hydroxyl group of flavonols might not be 

important for PDE1 inhibition, because the IC50 value of myricetin for PDE1 inhibition 

did not significantly differ from that of quercetin. The IC50 value of genistein was 

significantly lower than that of biochanin A, suggesting that the hydroxyl group at 

position C-4´ of isoflavones is important for PDE1 inhibition. Substitution of the C-7 

hydroxyl group of genistein by a methoxy group to form prunetin may have abolished the 

effect on PDE1 inhibition. Deletion of the C-5 hydroxyl group of genistein to form 

daidzein, an inactive analogue of genistein in tyrosine kinase inhibition [26], resulted in 
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no effect on PDE1 inhibition, suggesting that either the C-7 or C-5 hydroxyl group is 

very important for PDE1 inhibition. 

 

3.3. Inhibitory effects of flavonoids on PDE2 

 

The IC50 value of diosmetin on PDE2 inhibition was significantly less than that of 

luteolin, which suggests that methylation of the C-4´ hydroxyl group of flavones may 

enhance their potency for PDE2 inhibition. However, methylation occurring at the same 

position of flavanones does not change their potency for PDE2 inhibition, based on the 

fact that both eriodictyol and hesperetin had no effect (IC50 > 100 µM) on PDE isozyme 

inhibition. By comparing PDE2 inhibition between luteolin and eriodictyol, and between 

diosmetin and hesperetin, therefore, it was concluded that the presence of a double bond 

between C-2 and C-3 may be very important for PDE2 inhibition. The C-4´ hydroxyl 

group of flavones is also important for isozyme inhibition, because chrysin, which lacks a 

hydroxyl group at the position from apigenin, showed no effect on PDE2 inhibition. 

However, the C-3´ hydroxyl group of flavones is not important for isozyme inhibition, 

because the IC50 value of luteolin did not significantly differ from that of apigenin. The 

IC50 value of luteolin was significantly lower than that of luteolin-7-glucoside, suggesting 

the glycosylation of the C-7 hydroxyl group of flavones hinders their binding to the 

moiety of the PDE isozyme. The IC50 value of luteolin for PDE2 inhibition did not 

significantly differ from that of quercetin, suggesting that inhibition of PDE isozymes by 

flavones may be similar to that by flavonols. Also, the IC50 value of apigenin for PDE2 

inhibition did not significantly differ from that of genistein, suggesting that inhibition of 
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PDE isozymes by flavones may be similar to that by isoflavones. The C-5´ hydroxyl 

group of flavonols is not important for PDE2 inhibition because the IC50 value of 

myricetin for PDE2 inhibition did not significantly differ from that of quercetin. The IC50 

value of genistein was significantly lower than that of biochanin A, suggesting that the 

C-4´ hydroxyl group of isoflavones is important for PDE2 inhibition, because substitution 

of a hydroxyl group by a methoxy group may reduce their potency for PDE2 inhibition. 

Substitution of the C-7 hydroxyl group of genistein by a methoxy group to form prunetin 

may have abolished the effect for PDE2 inhibition. Deletion of the C-5 hydroxyl group of 

genistein to form daidzein resulted in no effect on PDE2 inhibition, suggesting that either 

the C-7 or C-5 hydroxyl group is very important for PDE2 inhibition. 

 

3.4. Inhibitory effects of flavonoids on PDE3 

 

The C-4´ hydroxyl group of flavones is very important for PDE3 inhibition. For 

example, if the hydroxyl group of luteolin is methylated to form diosmetin, or that of 

apigenin is deleted to form chrysin, the resultants lose their inhibitory effects on PDE 

isozyme activities. This conclusion was also supported by a comparison between the 

inhibition of PDE3 by eriodictyol and hesperetin. However, the C-3´ hydroxyl group of 

flavones does not seem important for PDE3 inhibition, because the IC50 value of luteolin 

did not significantly differ from that of apigenin which lacks a hydroxyl group at that 

position. The C-7 hydroxyl group of luteolin is very important for PDE3 inhibition, 

because lutolin-7-glucoside had no effect on the inhibition of PDE3 isozyme. It is 

possible that the bulky glycosyl residues hinder its binding to the moiety of the isozyme. 
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The IC50 value of luteolin for PDE3 inhibition did not significantly differ from that of 

quercetin, suggesting that inhibition of PDE3 by flavones may be similar to that by 

flavonols. Also, the IC50 value of apigenin for PDE3 inhibition did not significantly differ 

from that of genistein, suggesting that inhibition of PDE3 by flavones may be similar to 

that by isoflavones. The C-5´ hydroxyl group of flavonols is not important for PDE3 

inhibition because the IC50 value of myricetin for PDE3 inhibition did not significantly 

differ from that of quercetin. Comparing the inhibition of PDE3 between diosmetin and 

hesperetin, and between luteolin and eriodictyol suggests that the importance of the 

presence of a double bond between C-2 and C-3 for isozyme inhibition is unclear. 

Substitution of the C-7 or C-4´ hydroxyl group of genistein with a methoxy group to 

respectively form prunetin or biochanin A may have abolished the effect on PDE3 

inhibition. Interestingly, the IC50 value of PDE3 inhibition by genistein did not 

significantly differ from that of daidzein, which lacks the C-5 hydroxyl group and has 

been reported to be inactive in tyrosine kinase inhibition [26], suggesting that the 

hydroxyl group is not important for the inhibition of PDE3. 

 

3.5. Inhibitory effects of flavonoids on PDE4 

 

The IC50 value of luteolin on PDE4 activity did not differ from that of diosmetin. 

Substitution of the C-4´ hydroxyl group of eriodictyol with a methoxy group to form 

hesperetin even enhanced the potency of PDE4 inhibition. Moreover, deletion of the C-4´ 

hydroxyl group of apigenin to form chrysin resulted in no change in PDE4 inhibition. 

These results suggest that the C-4´ hydroxyl group of flavones or flavanones is not 
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important. In contrast, the C-3´ hydroxyl group of flavones is very important because 

luteolin was more potent than apigenin for PDE4 inhibition. The C-7 hydroxyl group of 

luteolin is important for PDE4 inhibition, because the IC50 value of lutolin-7-glucoside 

was significantly greater than that of luteolin. It is possible that the bulky glycosyl 

residues at that position may hinder its binding to the moiety of the isozyme. However, 

luteolin was less potent than quercetin, and apigenin was less potent than genistein for 

PDE4 inhibition, suggesting that flavonols and isoflavones are more potent than flavones 

for isozyme inhibition. In flavonols, the IC50 value of myricetin for PDE4 inhibition was 

significantly greater than that of quercetin, suggesting that the C-5´ hydroxyl group may 

hinder quercetin’s binding to the moiety of the isozyme. The IC50 value of diosmetin for 

PDE4 inhibition was significantly greater than that of hesperetin, suggesting that the 

presence of a double bond between C-2 and C-3 is important for isozyme inhibition. This 

conclusion was strongly supported by a comparison between the inhibitory effects of 

luteolin and eriodictyol, which almost had no effect (IC50 > 100 µM) on PDE4 inhibition. 

The IC50 value of genistein did not significantly differ from that of biochanin A, 

suggesting that the hydroxyl group at position C-4´ of isoflavones is not important for 

PDE4 inhibition. However, the IC50 value of prunetin was significantly greater than that 

of genistein, suggesting that the hydroxyl group at position C-7 of isoflavones may be 

important for PDE4 inhibition. Deletion of the C-5 hydroxyl group of genistein to form 

daidzein resulted in no effect on PDE4 inhibition, suggesting that the hydroxyl group is 

very important for PDE4 inhibition. 

 

3.6. Inhibitory effects of flavonoids on PDE5 
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Among flavones, only luteolin and diosmetin inhibited PDE5 activities with IC50 values 

of 19.3 and 15.3 µM, respectively, which did not significantly differ from each other. This 

suggests that the C-4´ hydroxyl group is not important for PDE5 inhibition, because 

substitution of the hydroxyl group with a methoxy group did not alter its inhibitory effect. 

This conclusion was supported by the present results that the potency of eriodictyol did 

not differ from that of hesperetin and neither showed any effect on PDE5 inhibition. Also, 

deletion of the C-4´ hydroxyl group of apigenin to form chrysin resulted in no change of 

PDE5 inhibition. In contrast, the C-3´ hydroxyl group of luteolin is very important for 

PDE5 inhibition, because deletion of the hydroxyl group of luteolin to form apigenin 

resulted in no effect on PDE5 inhibition. However, adding a C-5´ hydroxyl group to 

quercetin resulted in no change in PDE5 inhibition, suggesting that the hydroxyl group is 

not important. The C-7 hydroxyl group of luteolin is also very important for PDE5 

inhibition, because lutolin-7-glucoside showed no inhibition of this isozyme. It is 

possible that the bulky glycosyl residues may hinder its binding to the moiety of the 

isozyme. Comparing the inhibition of PDE5 between quercetin and luteolin suggests that 

the C-3 hydroxyl group of flavonols may hinder the binding of flavones to the moiety of 

the isozyme. Luteolin was more potent than eriodictyol, and diosmetin was more potent 

than hesperetin for PDE5 inhibition, suggesting that the presence of a double bond 

between C-2 and C-3 is important for PDE5 inhibition. Comparing the inhibition of 

PDE5 between apigenin and genistein suggests that it may be easier for isoflavones than 

flavones to bind to the moiety of this isozyme. Although genistein only had low potency 

of PDE5 inhibition among these PDE isozyme subtypes 1~5, its IC50 value was 
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significantly lower than that of biochanin A or prunetin, suggesting that the hydroxyl 

group at position C-4´ or C-7 of genistein is relatively important for PDE5 inhibition. 

Deletion of the C-5 hydroxyl group of genistein to form daidzein resulted in no effect on 

PDE5 inhibition, suggesting that the hydroxyl group is important for PDE5 inhibition.  

 

4. Discussion 

 

As shown in Table 2, luteolin effectively inhibited PDE1~5. Replacement of the C-4´ 

hydroxyl group of luteolin with a methoxy group, as in diosmetin, enhanced the potency 

on PDE2 inhibition, but abolished the inhibitory effect of PDE3 activity. Deletion of the 

C-3´ hydroxyl group of luteolin to form apigenin caused the loss of the inhibitory effects 

on PDE4 and PDE5 activities. Moreover, deletion of the C-3´ and C-4´ hydroxyl groups 

of luteolin to form chrysin caused the loss of all inhibitory effects on the activities of 

PDE1~5. Glycosylation of the C-7 hydroxyl group of luteolin reduced the potency of 

inhibiting the activities of PDE2 and PDE4, and furthermore abolished the inhibitory 

effects on the activities of PDE1, PDE3, and PDE5. Replacement of the C-3 hydrogen of 

luteolin with a hydroxyl group to form quercetin enhanced the potency of PDE4 

inhibition, but caused the loss of inhibitory effect on PDE5 activity. Replacement of the 

C-5´ hydrogen of quercetin with a hydroxyl group to form myricetin reduced the potency 

of PDE4 inhibition, but had no effect on the inhibition of PDE5. Saturation of the double 

bond between C-2 and C-3 of luteolin to form eriodictyol greatly reduced the potency of 

PDE3 inhibition and abolished the inhibitory effects on all other isozyme activities. 

Similarly, saturation of the double bond between C-2 and C-3 of diosmetin to form 
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hesperetin reduced the potency of PDE4 inhibition and abolished the inhibitory effects on 

all other isozyme activities. Isoflavones, which shift the B-ring from C-2 to C-3 of 

flavones, generally produced little or no inhibition of PDE5 activity. For example, 

genistein had only weak potency for PDE5 inhibition. However, genistein had 

considerable inhibitory effects of other PDE isozyme activities. In particular, it highly 

effectively inhibited the activities of PDE2 and PDE4. Daidzein, an inactive analogue of 

genistein in tyrosine kinase inhibition [26], selectively inhibited PDE3 activity, although 

it has been reported to inhibit both PDE1 and PDE3 activities [27]. The reason for this 

contradiction is not clear, but may have resulted from the different sources of PDE1 used. 

We separated PDE1 from guinea pig lung, while it came from bovine heart in the other 

study. Our result for PDE3 inhibition was consistent with what they reported. It is 

possible that the source of PDE3 was from the same organ (heart), although we separated 

ours from guinea pig, while theirs was from a bovid. Biochanin A effectively inhibited 

PDE4 activity and moderately inhibited PDE1 activity, although it has been reported to 

have no effect (IC50 > 100 µM) on PDE1 activity [27]. This contradiction may also have 

resulted from the same reason, different sources of PDE1. Prunetin moderately but 

selectively inhibited PDE4 activity in our present results, although it has been reported to 

have no effect (IC50 > 100 µM) on PDE4 inhibition [27]. 

Recently, increasing evidence suggests that the more-selective inhibition of these PDEs 

there is, the more useful these compounds will be in the clinic. For eaxample, selective 

PDE5 inhibitors, such as sildenafil, tadalafil, and vardenafil, are successfully being used 

in the treatment of erectile dysfunction [28]. Unfortunately none of the tested flavonoids 

was a selective inhibitor of the PDE5 isozyme. Selective PDE3 inhibitors, such as 
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milrinone, vesnarinone, and enoximone, are believed to have a positive effect in the 

treatment of chronic congestive heart failure. Although morbidity and mortality of 

patients with severe chronic heart failure increased after long-term oral administration of 

milrinone, short-term clinical use of this compound has been approved for the treatment 

of patients with acute decompensated heart failure [28]. Daidzein, an inactive analogue of 

genistein in tyrosine kinase inhibition [26], and eriodictyol revealed selective inhibition 

of PDE3, in the present results (Table 2). PDE4 is the most important isozymes in airway 

smooth muscles, pulmonary nerves, and almost all pro-inflammatory and immune cells 

relevant to the pathogenesis of asthma [29]. Molecular studies have provided evidence 

that at least 4 human genes encode PDE4 isozymes, and therefore there are at least 4 

human PDE4 subtypes, PDE4A, PDE4B, PDE4C, and PDE4D [30]. Rolipram, an 

archetypal inhibitor of PDE4, has been reported to have potential in the treatment of 

asthma, although nausea and vomiting were found in clinical trials [29]. It seems that the 

anti-inflammatory and bronchodilating effects of rolipram are due to its inhibition of 

PDE4D and the adverse effects are due to PDE4C [29]. Alternatively, rolipram has high 

and low affinities for PDE4H and PDE4L, respectively. In general, it is believed that the 

inhibitions of PDE4H and PDE4L are associated with an adverse response and with 

anti-inflammatory and bronchodilating effects, respectively [29]. Therefore, this has 

provided a rational basis for designing new compounds with high PDE4H/PDE4L ratios. 

Indeed, some compounds, such as CDP-840, SB-207499, and piclamilast, with higher 

PDE4H/PDE4L ratios compared to rolipram are under investigation and being used in 

clinical trials [29]. The present results reveal that hesperetin and prunetin 

more-selectively inhibited PDE4 (Table 2). Determing whether hesperetin or prunetin has 
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high PDE4H/PDE4L ratios requires further evaluation. It has been proposed that 

compounds that inhibit both PDE3 and PDE4 would be less likely to produce adverse 

effects than would selective PDE4 inhibitors, since the effectiveness could be expected at 

lower doses [29]. However, zardaverine, a dual PDE3/PDE4 inhibitor, demonstrated 

modest bronchodilator activity in patients with asthma when given by inhalation, but was 

inactive in a group of patients with chronic obstructive pulmonary disease [29]. Although 

cardiovascular complications of a PDE3 inhibitor may preclude the development of this 

hybrid inhibitors for asthma, the knowledge that the effect of PDE3 in cardiac muscle 

(PDE3A) differs from that of the isoform (PDE3B) expressed by pro-inflammatory cells, 

such as T lymphocytes, provides an opportunity to synthesize compounds with reduced 

activity against PDE3A [29]. Theoretically, an inhibitor with more-selective action 

against PDE3B can be synthesized, because a new cardiotonic agent, vesnarinone, which 

is 10-fold more potent against PDE3A than PDE3B, has been synthesized [31]. In the 

present results, none of the tested flavonoids revealed this hybrid inhibitory property. In 

addition to its anti-asthma property, it has been reported that the inhibition of PDE3B 

enhances PDE4 inhibitor-induced apoptosis in a subset of patients with chronic 

lymphocytic leukemia [32]. Exisulind, a dual PDE2/PDE5 inhibitor [33], has been 

reported to induce apoptosis in several cancer cell lines [34-36]. Rolipram, a selective 

PDE4 inhibitor [37], promotes apoptosis in HL60 promyelocytic leukemic cells [38], 

malignant murine carcinoma cells [39], and chronic lymphocytic leukemia [40, 41]. 

Genistein has also been reported to inhibit the growth of human tumor cells by inhibition 

of proteasome activity [42]. In our present results, genistein very potently inhibited PDE2 

(IC50 of 1.7 µM) and PDE4 (IC50 of 9.5 µM). Interestingly, flavopiridol, a semisynthetic 
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flavone, is currently in clinical trials for the treatment of different cancers [43-45]. The 

mechanisms of the anticancer property of flavopiridol have been reported to be its 

inhibition of cyclin-dependent kinases [46]. However, determining whether it selectively 

inhibits PDE isozymes requires further investigation. 

In conclusion, it is possible to synthesize useful drugs through the elucidation of 

structure-activity relationships of flavonoids on inhibition of PDE isozymes at 

concentrations (1~100 µM) used in this study, although these concentrations are not 

easily reached under normal physiological conditions. The presence of a double bond 

between C-2 and C-3 of these flavonoids is very important for inhibition of PDE1~5 

except PDE3, for which the situation remains unclear. Also, the C-5 and C-7 hydroxyl 

groups are important to very important for the inhibition of PDE1~5, except for the C-5 

hydroxyl group for PDE3 inhibition. The C-3´ hydroxyl group is very important for the 

inhibition of PDE4 and PDE5, but is not important for the inhibition of PDE1~3. The C-3 

hydroxyl group is not important for the inhibition of PDE1~5, except it is important for 

PDE5 inhibition. Isoflavones, with a C-3 B ring shifted from flavones, have greatly 

increased potency of PDE4 inhibition, but only slightly increased PDE5 inhibition. The 

C-5´ hydroxyl group is not important for the inhibition of PDE1~5, and even decreased 

the potency of PDE4 inhibition. The C-4´ hydroxyl group of flavones is very important 

for the inhibition of PDE3, but not for the inhibition of PDE1, PDE2, PDE4, or PDE5. 

The C-4´ hydroxyl group of isoflavones is very important for the inhibition of PDE3, 

important for that of PDE1, PDE2, and PDE5, but not important for that of PDE4. The 

C-4´ hydroxyl group of flavanones is important for the inhibition of PDE3, but not 

important for that of PDE1, PDE2, PDE4, or PDE5.  
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Table 1 

Structures of flavonoids investigated for the inhibition of the activities of PDE 1~5  
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Substitution Class Name 
5 7 3’ 4’ 5’ 

Luteolin OH OH OH OH  
Luteolin-7-glucoside OH O-glu OH OH  
Diosmetin OH OH OH OCH3  
Apigenin OH OH  OH  

Flavones 

Chrysin OH OH    
Quercetin OH OH OH OH  Flavonols 
Myricetin OH OH OH OH OH 
Eriodictyol OH OH OH OH  Flavanones 
Hesperetin OH OH OH OCH3  
Genistein OH OH  OH  
Daidzein  OH  OH  
Biochanin A OH OH  OCH3  

Isoflavones 

Prunetin OH OCH3  OH  
Glu: glucose 



  
Table 2 
IC50 (µM) values of flavonoids on phosphodiesterase isozymes 

PDE isozymes Class Name 
1 2 3 4 5 

Luteolin 21.5 ± 2.9 (3) 13.3 ± 0.8 (3) 10.1 ± 1.8 (5) 19.1 ± 2.4 (6) 19.3 ± 3.2 (4) 
Luteolin-7-glucoside >100 (3) 35.1 ± 0.2 (3)* >100 (3) 43.0 ± 5.3 (4)* >100 (3) 

Diosmetin 14.4 ± 6.2 (3) 4.8 ± 0.8 (4)*,# >100 (3) 20.2 ± 2.4 (3) 15.3 ± 3.6 (3) 
Apigenin 25.4 ± 3.7 (3) # 16.7 ± 6.3 (5) # 10.5 ± 3.5 (4) # >100 (3) >100 (3) 

Flavones 

Chrysin >100 (3) >100 (4) >100 (3) >100 (4) >100 (4) 
Quercetin 27.8 ± 5.7(3)# 17.9 ± 3.4 (4) 5.6 ± 1.0 (4) 9.9 ± 2.5 (3)* >100 (3) Flavonols 
Myricetin 24.9 ± 3.6 (3)# 12.8 ± 0.6 (4) # 12.4 ± 3.3 (4) # 39.8 ± 2.1(6)*,& >100 (3) # 

Eriodictyol >100 (3) >100 (3) 52.5 ± 17.7 (4)*,# >100 (3) >100 (3) Flavanones 
Hesperetin >100 (3) # >100 (3) # >100 (3) # 28.2 ± 1.1(3)$ >100 (3) # 
Genistein 16.8 ± 2.3 (3)# 1.7 ± 0.2 (4)*,# 12.9 ± 5.2 (3) 9.5 ± 1.9 (4)*,+ 73.9 ± 7.1 (3)*,#,+

Daidzein >100 (3)*,! >100 (4)*,! 28.6 + 8.5 (3)*,# >100 (4)*,! >100 (3)*,! 
Biochanin A 29.1 ± 0.3 (3) #,*,! 27.9 ± 4.1(4) #,*,! >100 (3) #,*,! 8.5 ± 0.1 (4)* >100 (3) #,*,! 

Isoflavones 

Prunetin   >100 (3)*,! >100 (4)*,! >100 (3)*,! 61.9 ± 17.3 (4)*,! >100 (3)*,! 
 Reference drugsa  122.8 ± 44.9 (3) 4.4 ± 1.0 (5) 2.4 ± 0.5 (3) 11.4 ± 1.6 (8) 3.3 ± 0.9 (7) 

All values are expressed as the mean ± SEM (n), where n is the number of experiments. 
a Reference drugs for PDE isozymes 1, 2, 3, 4, and 5 were vinpocetine, EHNA, milrinone, Ro 20-1724, and zaprinast, respectively. * p 
< 0.05 when compared with the corresponding value of luteolin. #p < 0.05 when compared with the corresponding value of PDE4. $ p 
< 0.05 when compared with the corresponding value of diosmetin. & p < 0.05 when compared with the corresponding value of 
quercetin. + p < 0.05 when compared with the corresponding value of apigenin. ! p < 0.05 when compared with the corresponding 
value of genistein.   


