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Aktract-Twelve llavonoids tested completely uncoupkd oxidativc phosphorylation; ombuin was a very poor 
uncoupler whik tlavone, S-hydroxyfIavonc, kacmpfcrol and 3-hydroxy-7.J’,4’-trimethoxyflavonc were inactive. Full 
uncoupling activity was obtainal for the twelve other compounds a1 concentrations bctwtcn 2 and 54XJrM. The 
prcscnct of a hydroxyl was one of the nccusary conditions but not suflkknt on its own 10 cause uncoupling. 
Hydroxylation at the 7- and 4’qsitions induced the greatest uncoupling activity; hydroxylation a1 the 3- and S- 
positions had no c&t on uncoupling activity. Glycosylation of active 5vonc aglyconcs supprcsscd activity. A high 
lipophilic character enhances the uncoupling xtivity. For instana the prcscr~~ of an isoprcnyl chain greatly increased 
the elBcicncy of uncoupling. In spite of its lipophilicity and its hydroxylation pattern, kacmpfcrol was unexpectedly 
unabk to uncoupk the oxidative phosphorylation in potato and mung bean mitochondria. It appears that xkctive 
binding bctwan kaempfcrol and some components of the mitochondrial membrane probably prevents this tlavonol 
from being an active uncoupler. 

tYTRODUCTtON 

A number of tlavonoids have ban shown to offcct 
oxidative phosphorylation in plant [l-3] as well as in 
animal mitochondria [4,5]. In the case of cl&ones, the 
disappcamncz of ATP synthesis in intact mitochondria 
was attributed 10 uncoupling bctwaen ckctron transfer 
and phosphorylation proctm [6]. probably through a 
mechanism corresponding lo the simplest schcmc dt- 
scribed by Terada [7J. Uncoupling by chakona was not 
due to an inhibitory action on the mitochondtial ATPasc, 
sina cxperimcntal findings showed an inhibitory action 
of other 5vonoids on diffcrcnt ATPases [g-lo]. The 
purpose of this paper was lo study whether the uncoup 
ling activity was also caused by davonoids other than 
chakoncs and to obtain a better understanding of tbc 
relations bctwan chemical structure and uncoupling 
activity in the tlavonoid series. 

RESUt.lB 

77~ opprarance of an wcoupling acfiuily in the 
Jiwme--01 series: irs relation 10 hydroxylation 

pattern 

Figure I shows the cfTcct of 5vom and ‘I-hydroxy- 
tlavonc on potato mitocborbdria oxidizing at state IV 
suazinatc 6mM (+ATP 0.3mM). At a concentration 
reaching 5OO)rM (above this concentration hvonc prc- 
cipitatal out of the -ion malium) 5vonc was unable 
10 prcvcnt the incrase of O1 consumption ausal by 
addition of ADP. Moreover, the oxidation rate of suc- 
cinatc at state IV, which was not a&tad by tbc edition 
of 500 +4 flnvone, was greatly iw by the addition 

of the well known uncoupler FCCP (carbonyl cyanide p 
trilIuoromcthoxyphcnylhydraxonc). The only effazt ob- 
served with 500 PM 5vom was a slow inhibition of the 
elaztron Bow (3OyJ when suazinate was the elactron 
donor [I 11. Thcsc results demonstrate that 5vonc is 
without uncoupling activity on potato mitochondria 

In marked contrast to Bavone, it could bc shown that 
the ‘I-hydroxy5vonc at a comtration of IOOpM 
greatly increased the oxidation rate of succinate at state 
IV. A further addition of ADP or FCCP was without 
effect on thisconsumption. A similar incrcasc in oxidation 
was obtained when the ADP/ATP transport was inhibited 
by IO PM carboxyatractyloside (Fig. I). 

The pnading results, which were obtained polar* 
graphically, wcrc con6rmcd by a spazrophotomctric 
method. A rapid, passive swelling of mitochondria sus- 
pended in NH&l or NHINOl &-osmotic solutions 
showed an H’ transport through the inner membrane 
when 7-hydroxy5vonc (100 pM) was added. With 
500 +M hvonc, such a swelling did not occur (Fig. 2). 
Flavone and 7-hydroxy5vone give the same polaro- 
graphic and spazrophotometric results when using mung 
bean mitochondti (results not shown) It could thc&Xc 
be conch&d that, in the 5vone series, the uncoupling 
activity was dcpcndent on the prcscnce of at kast one 
hydroxyl group in the mo!acuk. 

CkDsga of fhe wlcouplfng ejicictuy in dlej?awne--1 
series its relodoa wffh lipophikiry 

In the chlcone s&u, it was previously dcmonstratcd 
that glycoqlation supprascs the uncoupling properties 
whkh cturpaaitt the corrqonding aglyconc [a]. The 
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FIN. I. PcAarographic traces showing the full uncoupling oaivity of %hydroxydrvonc 11 100 PM and the lack of 
uncoupling e&t of Ilnvone. M. Purdicd mitochondria; S, sua~na~c 6 mM +ATP 0.3 mM; ADP. ZOOrM; 
carhoxyatrctctylosidc IOpM; FCCP. I JIM; KCN. 3OpM. Numbers on tract refer IO nooks OX 

consumed/mm mg protein. 

FCCP 7-OH FLAVONE FLAVONE 

0.1 LOO 5ronm 

1 -(ImonC 

Fig. 2. Spectrophotowtric results showing the protonophorif urivity of 7-hydroxy!Iavone. and the inefTa%ven~ 
of &one on the passive swelling mahanism of potato tuber mitochondria suspended in an ibo-osmotic NH.Q 

solution. M. 0.25 mg mitochondrial protein/ml. 

WON has now been shown to be IIUUC in both the tlavonc (not shown). Such a result is presumably due to the 
and flavonol s&a. For instance, full uncoupling was inability of the water solubk glyuxidcs to pass through 
obtained with 300M qucrcetin; however, min at a the inner mitoc)londriml munbrone. With Ibones and 
concentration up to saturation had no uncoupling effect BPvonols, the importance of lipophilic Ctraractcr in rc- 
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lation to the efficiency of uncoupling is nialy illustrated 
by comparing the activities of 5,7.8.4’-tetrahydroxy- 
flavone (isoscutellarcin) and 3,5,7&tetrahydroxy-& 
isoprenyl!lavonc (platanctin: Fig. 3). The presence of an 
isoprtnyl substitucnt at the bposition of the A-ring of the 
platanctin increases the lipophilic character without af- 
fecting rhe clbctronic propcrtks [ 121. The titration curves 
of Fig. 3 show the greater uncoupling &cncy of plala- 
netin when compared with isoscutcllartin with suozinatc 
as substrate. The same results were obtained with both 
potato and mung bean mitochondria. It sams clear thaw 

the presence of the isoprenyl chain is raponsibk for a 
lOGfold incrcasc in the uncoupling activity of this type of 
Bavonc; platanetin is certainly one of the best natural 
uncoupkrs known at the present time, with an &cicncy 
comparable IO rhat of the classical uncoupler FCCP. This 
result suggests thar, in the case of common hydroxylatcd 
Bavonu, uncoupling activity is very probably low because 
the mokculn are not su&icntly lipophilic. 

Relationship between efiiency ojfIa~ones and flavonols 

and fheir substitution putrerns 

Of the 17 flavonoid aglyconcs studied, 12 were shown 10 

induce full uncoupling under our experimentalconditions 
(polarographic and spcctrophotomctric mcaaurcmcnts)at 
concentrations bcrwccn 2 and 500)tM. It is noteworthy 
that, when plarancrin is excluded, the most active tlavoncs 
caused compktc uncoupling at a concentration near 
IOOpM. On the other hand with &one. S-hydroxy- 
tlavone. kacmpfcrol and 3-hydroxy-7.3’.4’-trimethoxy- 
flavone. no uncoupling activity could be detected aI a 
concentration of 500 pM (Table 1). In most cases, 500 ph4 
was the highest concenrration of flavonoid aglyconcs used 
in our experiments. At greater concentrations these 
compounds tend generally to prccipitatc out from the 
reaction medium, which cannot contain more than 30; 
ethanol without affecting mitochondrial respiration. 

When comparing the chemical structures of the t\avo- 
ncs uscd in this study (Table 1). it can be seen that their 
lipophiliclty (except for platanerin) lies within a narrow 
range, from the most hydrophilic pcntahydroxy derivai- 
ivcs (qucrcctin. isoctin), to tlavone Itself or its di- or 

trimcthoxy derivatives. All these compounds have a 
similar solubility in the inner membrane. this solubility 
being an important parameter for uncoupling activity. A 
comparison of the results obtained using potato (Table 1) 
and mung bean mitochondria (results not shown) indicate 
that hydroxyhtion at the 7- or 4’-position is necessary for 
uncoupling activity. Thus 7-hydroxytlavonc was very 
active. The ‘I-hydroxy group is known to be the most 
acidic and thus the most readily ionisabk hydroxyl group 
[ 133. Also the presence of a odihydroxylation seemed to 
increase the uncoupling activity (compare baikalein, 
lutcolin. scutellarein. isoscutcllarein, lisctin, queratin, 
isoctin). By contrast, hydroxylation al the E or S-position 
does no1 contribute to uncoupling activity. Indad, both 
S-hydroxyflavone and 3-hydroxy-7.3’,4’-trimethoxy- 
tlavonc are inactive. 

When considering the lipophilicity and the presence of 
‘active dissociabk’ hydroxyl groups (the bcs~ positions 
being Ihe 7 and 4’). almost all the results indicate a 
common mechanism for the uncoupling activity of these 
flavonoids. Kacmpferol was unexpectedly inactive with 
potato and mung bean mirochondria. The Ehydroxyl 
seems to be the cause of this inactivity sina the related 
flavoncapigenin isactive. However. it must bc pointed out 
that kaempfcrol has been described as an uncoupler in 
etiolatcd corn stcdlings mitochondria [2]. 

DlSCU!SSiON 

The uncoupling activity of llavoncs and Aavonols 
appears to depend on two factors: on a sufficient lipophi- 
licity permitting a molecular movement from the external 
face of the inner mitochondrial membrane IO the internal 
face. and a movement of the corresponding anion in the 

opposite direction; and on the presence of hydroxyl 
groups which can be dissociated in the environmental 
conditions pertaining in the membrane. Therefore. the 
uncoupling activiry of the tlavoncs or flavonols does not 
differ from the uncoupling activity of simple chlorinated 
phenols [14]. Our previous results concerning the un- 
coupling effects of these kiter substances on isolated plant 
mitochondria have permittai the establishment of some 
equations using a quantitative structure-activity rclation- 

PLATANETIN ISOSCUTELLAREIN 

Fig. 3. Compmrtson of the uncoupling rtivby of plauntin and isoxutcUucinz titrriion CUIWS showing the 
pcnxntagc of uncouphng Wclmiy on pota mitochondnr oxdmng ~ucanaie. 
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ship. The best equation for uncoupling activity in the (Y-hydroxy4wthykhakonc) Therefore, we may 
simpk chlorinated phenol serits is: assume that ttk steric characters of pktanctin are es- 

log l/D,,, - 66923ZD - 12.131 (ZD)’ + 0.881 u, -0.3244 -84.2&9 

r = 0.955 s = 0.22 F = 36.46 n= 19 

where D,. = the concentration giving 50% of the full p&ally favourabk to its intrarrumbranar mobility. In 
uncoupling activity obtained with 1 JIM FCCR ZD - a this sense, it is analogous in structure with scvcral natural 

stcric parameter previously &scribed [ 141 and represcnt- membrane quinonu. From a physiological point of view, 
ing the perimeter of the molecule projectad onto the p&tanetin is also cspacially interesting. In contrast with 
aromatic cycle plane; u, = the Hammctt constant; A - a other common &avones, which arc usually present as 
sterk parameter reprmting the angk between the glycosida in cell vacuoles, free platanctin is excreted by 
phcnobc hydroxyl and the 2 and 6 substitucnts; r - the the glandular hairs of plane tree bud scales. The uncoup 
coefficient of correlation; s = the standard error, F = the ling activity of this compound makes it highly toxic and 
statistital test and n - the number of molcculcs used to its effect on living scales and on young leaves of the planc- 
establish the equation. tray would be interesting IO study. 

In this study there is no diruzt relationship bctwttn the 
lipophilk parameter logf (logarithm of the partition 
cfdkicnt octanol-water) and the uncoupling activity. 
However. 1ogP and 2X arc pattia& linkad (I - 0.570). 
Thus, it can be suggested from thii equation that an 
appropriate electronic activity, expressed by the par- 
ameter u. and a artain lipophilkity taken into account by 
ZD, are necessary, but are not sutftcient to explain 
uncoupling activity. That would mean clearly that the 
sterk character of the mokcuk, expressed by ZD and A. 
has a direct effect on uncoupling e5ciency. A similar 
analysis can be done for kaanpferol, which is inactive with 
isolated potato as well as on mung bean mitochondria 
[IS]. Indeed. apigcnin itself (5,7.4’-trihydroxylIavonc) 
appears to be a poor uncoupler when compared to the 7- 
and 4’-hydroxyilavonc. Perhaps this type of hydroxyl 
substitution givcsa partial binding to membrane proteins, 
which could be greatly increased by a further hydroxyl in 
the 3position (kacmpferol), causing the disappearance of 
an uncoupling effect. Thus it may bc supposed thal not 
only electronic and lipophilic parameters (respectively as 
u and logf) but also steric parameters have to be taken 
into account in understanding the uncoupling efficiency of 
flavones and flavonols. 

EXPERIMENTAL 

Prtpcpmion ojndrodwndda. Uitocfwn&ia from pour0 hhers 
(sdrrma lubtrcxwa L) and tGolatcd Mung ban (Phaseoh 
uu.r~ Roxb.) hypocorybcut from bean seedlingsgrown S&pin 
~hc dark at 26” and 60% rchtivc humidity wese pquai and 
puribed by methods previously described [16]. All operations 
were carried OIJI •~ 04. Following puri&ation. the mitochon- 
dria appearal IO be virtually free from cxtramitochondrial 
conlamiNtion and their membruXs yefc found 10 k almost 
fully in-, as judged by dcctron miuoscopy and by low 
Mivi~ics of the inna membcar~ and marrix mukcr enzymes 
(antimycin A-sensitive NADH qt. c oxidoreductue and maWe 
dehydrogausc) In additioh the mitochondria were tightly 
coupbd: avenge ADP/O ratio for succmate was 1.8 and 
nrpinrory control ratio for Ihe same substntc was about 3. 
Protein was dcterminal using RSA (Sigma. fraction v) as the 
standard. 

When comparing the uncoupling properties of fiavoncs 
and fiavonols with those of chakona (63. two major 
differences can be pointed out. In the chakone series 
substitution in the E-ring is unimportant, whereas in the 
flavone series, 4’hydroxylation or 3’J’dihydroxylation 
enhances uncoupling activity. In the chakonc series. 
hydroxylation at the 2’- or J’positions in the A-ring 
ckarly determines uncoupling activity. In the &one 
series, 7-hydroxylation of the A-ring (corresponding to 
the I’position in the chakonc nuckus) is not the only 
determinant. These differences between chakoncs and 
tlavona can probably be explainaf by variations in the 
electronic properties of the different hydroxyl 
substitucnts. 

0s updv mcasWemeRfJ. 0, u*e was rollowal pohro- 
graphrally at 2f using a Clark-type ekctrode system purchasal 
from Hansat& Ltd (Hardwick Industrial Ewtc, Kings Lynn. 
U.K.) The -ian medium contained a3 M mannitol, 5 mM 
MgClx. IO mM KCl, IO mM phosphate buRer. known amounts 
of mitochondrial pot&s and in some cases 0.1 ‘A defattcd BSA. 
Unkss otherwise statod. all incubations were a&d out at 
pH 7.2. 

Umrovpliq Its. lnroct mitochondrit were suspcdal m the 
eknrodt medium containing a subulrate. ARa a state 1X1-slate 
IV tfanulkq IO PM carboxyalrrtyloside was added in order to 
inhibit the n&x&de carrier. The uncoqling dTect of a sub 
stanccaddedaIthisstqcomqondcdtoaninumscinthc 
0xidPlion ntr. 100~. unanrphng &a3 was obtained when the 
rate of 0s consumption was not furiha stimulated by the 
addition of FCCP (I PM). 

The case of phtanttin is of particular interest. It may be 
suggested that its enhanced lipophilic properties means 
that it passes rapidly through the inner wmbranc. 
However. it must be noted that increasing the lipophilic 
properties does not always increase uncoupling dBckncy. 
Thus, the uncoupling activity of qucrcetin is red& by 
mcthylation of the 7- and 4’-hydroxyl groups (compare 
ombuin) In the chakone series, the uncoupling activity of 
2’-hydroxychakonc is not increased by mcthylation in the 
A-ring (Y-hydroxy-5’-mcthykhakonc) or in the B-ring 

Mirahoadti swtlffq meaxvtw~~s. Intact mitochondria 
were suqcndcd in a reaction nwiium (NH&I_ NH.NO, or KC3 
I50 mM. Tris-HCl IO mM. pH 7.2). Wn swelling reactions 
were masural as absorbance dcueucs at SIO nm in a Kontron 
spactrophotom*er (model WIKON 810) as pmiourly dc- 
~bed[l?].A~~vcswdlingan,inducadbyu~plas 
(in NH; salts) and by valinomycin-like ionnphores (in K ’ sahs) 

Acknmvl&emem-I am gnteful to Dr. M. Tiiuc for fruitful 
dianusions. 
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