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Flavonoid compounds are potent inhibitors oflcyelie lAMP phosphodiester~se 1 
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Summary. The inhibitory activity of 19 flavonoid molecules on cyclic AMP breakdown by a commercial,~beef heart 
phosphodiesterase preparation is reported. 7 compounds are active in the micromolar range, 2 of which have a potency 
equivalent to that of  papaverine. Some structure activity relationships are drawn. 

Flavonoids are a large group of  naturally occurring sub- 
stances which are used as therapeutic agents. They have a 
wide spectrum of pharmacological properties 2, the mechan- 
isms of which remain to a large extent unknown. Several of 
their effects, including smooth muscle relaxation and ino- 
tropic, anti-inflammatory, or diuretic effects, are similar to 
those of  many inhibitors of cyclic nucleotide phosphodies- 
terase (PDE) 3,4. Recently quercetin has been found to 
increase the cyclic AMP level in Ehrlich ascites tumor 
cells 5. These observations are consistent with the hypothesis 
that cyclic AMP may play a part in the mechanism of some 
of the actions of flavonoids. It was suggested that the 
elevation of cyclic AMP level induced by quercetin may 
result indirectly from the inhibition of the (Na § + K  § 
ATPase 5. We report here that flavonoid compounds are 
also potent inhibitors of cyclic AMP PDE. The structure- 
activity relationships were demonstrated by studying the 
inhibition of a commercial PDE preparation by several 
flavonols, flavones, anthocyanidins, flavanones, flavano- 
nols, and catechins (figure). 

Material and methods. The PDE preparation used (Sigma 
Chemical Co.) was the soluble PDE from beef heart, 
partially purified according to Butcher and Sutherland 6. 
This preparation displays non-linear kinetics leading to 
different apparent K m values, depending on the substrate 
and enzyme concentrations present in the assay medium 7. 
In the experimental conditions used here, the apparent K m 
value was 1.2 pM (determined using cyclic AMP concentra- 
tions ranging from 0.5 to 10.0 pM and 3.5 pg of  enzyme 
protein in 400 pl of assay medium). 
PDE activity was assayed using a modification of the 
method initially described by Thompson and Appleman 8. 
Briefly, this method consists in )~asur ing,[3H] products 
resulting from the incubation o f ( ~ - c y c l i c  ~kMP with the 
PDE preparation and with an excess of d'ff~eotidase. An 
anion exchange resin was used in a batch process to remove 
the residual substrate after the end of tlj~e~zyme reactions. 
In the experiments reported here, ~Q~adenosine  was 
added with the resin in each tube in ofd'rrY6" measure the 
recovery of the nucleoside, and to correct each result for the 
binding of the reaction products to the resin. In preliminary 
experiments it was verified that identical results are ob- 
tained on crude PDE preparations using this method and 
measuring all the reaction products separated by chroma- 
tography 9. Unless otherwise mentioned, the experimental 
conditions used for the assay of  PDE activity were those 
described by Thompson and Appleman 8. The anion ex- 
change resin was QAE Sephadex A25 (Pharmacia, 1 ml of a 
50% suspension in deionized water). [14C]-adenosine 
(10,000 cpm in 100 pl) was added with the resin in each 
tube. Enough beef heart PDE was added to achieve 5-20% 
hydrolysis after 10 min of incubation. 
The inhibition of PDE by flavonoids was studied in ex- 
periments in which the concentration of the drug was 
varied while the initial concentration of cyclic AMP was 
held constant at 1 ixM. The 150 (concentration of flavonoid 
resulting in a 50% inhibition of  cyclic AMP breakdown) 
was calculated by interpolating 2 values of inhibition 

ranging from 35 to 75% against the logarithm of tlae dose of 
flavonoid added. 
All flavonoids were solubilized in ethanol (Merck, reagent 
grade) and brought to the adequate concentration using the 
incubation medium. The amount of ethanol in the assay 
tubes (always < 1%) did not significantly influence the 
enzyme activity. Luteolin, pentaacetylquercetin, apigenin, 
quercetin and naringenin were extracted and prepared in 
the laboratory. Rhamnetin and pelargonidin chloride were 
obtained from Fluka, Buchs, all other flavonoids from Carl 
Roth, Karlsruhe. 

Results and discussion. The figure diagrams the chemical 
groups studied. The data contained in the table show that 
most of  these molecules inhibited PDE. Comparison of the 
I50 values obtained under identical conditions allows us to 
determine the relative efficacy of the inhibitors 1~ 7 com- 
pounds were active in the micromolar range. The order of 
their inhibitory potency was flavonols > flavones or antho- 
cyanidins > flavanones or flavanonols > catechins. The 
main features of the chemical structure influencing activity 
are the following. 
Free hydroxyl substituents are necessary (see the very low 
activity of  flavone and pentaacetylquercetin, and compare 
acacetin and apigenin, rhamnetin and quercetin). The 
2 hydroxyl groups at C-5 and C-7 are not sufficient to 
confer a significant activity to chrysin. However, the omis- 
sion of the hydroxyl at C-5 or the methoxylation at C-7 
reduces the activity (quercetin is 10 times as potent as 
fisetin and 3 times as potent as rhamnetin). The addition of 
1 hydroxyl at C-3 or C-4' on chrysin greatly increases the 
activity (galangin, apigenin); the presence of  a 2nd hydro- 
xyl in these positions still increases the potency, although 
less markedly (kaempferol). An additional hydroxyl at C- 
3'on the B-ring does not affect the activity (compare 
apigenin with luteolin and kaempferol with quercetin). The 
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Types of flavonoids studied. 
�9 marks the various positions for hydroxyl substitution. 
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Type* Compound Substituents* I50 (~M) 
Ring A Ring B 

3 5 7 3' 4' 

Flavonol Kaempferol OH OH OH - OH 2.7 
Quercetin OH OH OH OH OH 3.6 
Rhamnetin OH OH OCH3 OH OH 8.3 
Galangin OH OH OH - 8.6 
Fisetin OH - OH OH OH 36 
Pentaacetylquercetin OAc OAc OAc OAc OAc > 100"* 

Flavone Apigenin OH OH - OH 9.2 
Luteolin OH OH OH OH 8.7 
Chrysin OH OH - > 100 ** 
Acacetin OH OH - OCH3 > 100 *" 
Flavone - - > 100 *~ 

Anthocyanidin Pelargonidin chloride OH OH OH - OH 7.8 
Flavanone Hesperetin OH OH OH OCH 3 26 

Naringenin OH OH - OH 45 
Flavanonol (+)-Dihydroquercetin OH OH OH OH OH 94 

Dihydrofisetin OH - OH OH OH 320 
Catechin ( - ) -Catechin  OH OH OH OH OH 300 

( + )-Catechin OH OH OH OH OH 500 
( - )-Epicatechin OH OH OH OH OH 500 

Molecule types and substituents numbering are given in the figure. ** The lower solubility of some compounds interfered with the 
determination of their 150; the value was more than 100 gM (> 100). These molecules show an inhibitory potency of approximately 20% 
at 100 IxM. 

carbonyl  at C-4 increases the potency  (compare  ( + ) -  
d ihydroquerce t in  and  ( + )-catechin).  
Reduced  molecules  lacking the double  b o n d  be tween  C-2 
and  C-3 (i.e. f l avanones  and  f lavanonols )  are less po ten t  
than  thei r  unsa tu ra ted  homologues  (na r ingen in  is a 5th as 
po ten t  as apigenin,  d ihydrof ise t in  a 10th as po ten t  as 
fisetin, ( + ) - d i h y d r o q u e r c e t i n  a 30th as po ten t  as querce-  
tin). Catechins,  which  lack this double  bond ,  have  a low 
activity. The  doub le  b o n d  gives the molecule  a p lane  
structure and  also creates an  ex tended  conjugated  resonat-  
ing system; one or bo th  of  these features  m ay  thus play a 
role in the in terac t ion  with the enzyme. 
The  s tereochemist ry  of  catechins  does not  inf luence  their  
activity (compare  the isomers  ( + ) - c a t e c h i n ,  ( - ) - c a t e c h i n ,  
( - ) - e p i c a t e c h i n ) .  Because pelargonidin ,  with  its dist inctive 
skeleton (f lavylium ion), is active in the mic romola r  range,  
we infer  that  the comple te  f lavone nucleus  is no t  necessary 
for the inh ib i t ion  of  PDE. 
The  ma in  characteristics,  then,  tha t  give the f lavone nucleus  
its inh ib i tory  potency  against  bee f  hear t  PD E  are the 
hydroxyl  groups at C-3, C-5, C-7 and  C-4', and  the pres- 
ence o f  the double  b o n d  be tween  C-2 and  C-3. These  
s t ructural  r equ i rement s  are found  in kaempfe ro l  and  
quercet in ,  whose inh ib i to ry  activities are comparab le  to 
those o f  papaver ine  11 and  of  the best  inhib i tors  previously  
descr ibed 4. 
These  results show that  in addi t ion  to thei r  previously  
repor ted  indirect  effect on  the cyclic nucleot ide  leveF, 
f lavonoid  compounds  m ay  also directly al ter  the break-  
down of  cyclic A M P  by PDE.  Hare  and  Skidmore  ( unpub -  
l ished observat ions  quo ted  by Fewtre l l  and  G o m p e r t s  12) 
found  that  quercet in  only slightly inh ib i t ed  PD E  f rom the 
h u m a n  lung. Some authors  have  recent ly repor ted  selective 
effects of  inhibi tors  on  the PDEs  f rom dif ferent  tissues 3'13. 
Thus  the inh ib i t ion  of  P D E  m ay  or m ay  not  play a par t  in 
the querce t in - induced  e levat ion of  cyclic A M P  level, 
depend ing  on  the sensit ivity of  the tissue P D E  to the drug. 
A n  inh ib i to ry  effect of  f lavonoids  on  various enzyme 
activities has  been  repor ted  5'12'~4 2o. In mos t  cases the l ink 
be tween  the  enzyme activity and  the physiological  proper-  
ties is unknown.  It is no tewor thy  that  the concen t ra t ion  of  
f lavonoid compounds  that  inh ib i t ed  PD E  in the present  
study were no more  t han  ~0 as h igh as those used in most  

earlier studies to inh ib i t  o ther  enzyme systems (except in 
the case of  C O M T  15, lactic dehydrogenase  16, and  lens 
aldose reductase2~ Therefore  how PDE inh ib i t ion  enters  
into the pharmacolog ica l  proper t ies  of  f lavonoids  deserves 
fur ther  invest igat ion.  

1 This investigation was partially supported by grants from the 
Centre National de la Recherche Scientifique (ATP 2315) and 
from the Institut National de la Sant6 et de la Recherche 
Mddicale (CRL 75.1.188.5). 

2 J. Lutomski and K. Szpunar, Dt. ApothZtg 112, 553 (1972). 
3 B. Weiss and W.N. Hait, A. Rev. Pharmac. Toxic. 17, 441 

(1977). 
4 M. Chasin and D.N. Harris, in: Advances in Cyclic Nucleo- 

tide Research, vol. 7, p. 225. Ed. P. Greengard and G.A. 
Robison. Raven Press, New York 1976. 

5 Y. Graziani and R. Chavoth, Biochem. Pharmac. 26, 1259 
(1977). 

6 R.W. Butcher and E.W. Sutherland, J. biol. Chem. 237, 1244 
(1962). 

7 C. Lugnier, unpublished results. 
8 W.J. Thompson and M.M. Appleman, Biochemistry 10, 311 

(1971). 
9 T. Michon-Keravis, C. Lugnier and J.C. Stoclet, in prepara- 

tion. 
10 Y. Cheng and W.H. Prusoff, Biochem. Pharmac. 22, 3099 

(1973). 
11 C. Lugnier, Y. Bertrand and J.C. Stoclet, Eur. J. Pharmac. 19, 

134 (1972). 
12 C.M.S. Fewtrell and B.D. Gomperts, Nature 265, 635 (1977). 
13 G.L. Kramer, J.E. Garst, S.S. Mitchel and J.N. Wells, Bio- 

chemistry 16, 3316 (1977). 
14 R.T. Borchardt and J.A. Huber, J. med. Chem. 18, 120 (1975). 
15 K.P. Schwabe, Thesis, Eberhard-Karls Universit~tt, Tiibingen 

1971. 
16 S. Grisolia, V. Rubio, B. Feijoo and J. Mendelson, Physiol. 

Chem. Phys. 7, 473 (1975). 
17 A. Di Pietro, C. Godinot, M.L. Bouillant and D.C. Gau- 

theron, Biochimie 57, 959 (1975). 
18 D.R. Lang and E. Racker, Biochim. biophys. Acta 333, 180 

(1974). 
19 Y. Kuriki and E. Racker, Biochemistry 15, 4951 (1976). 
20 S.D. Varma and J.M. Kinoshita, Biochem. Pharmac. 25, 2505 

(1976). 


