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Summary 

The effect of the transport ATPase inhibitor, quercetin on histamine secre- 
tion from antigen sensitized mast cells was examined. At micromolar concen- 
trations, quercetin had an immediate inhibitory effect on histamine secretion 
mediated by antigen, concanavalin A and ATP but it had little effect on release 
induced by the ionophores A23187 and X537A. Quercetin exerts its effect 
after the binding of the releasing ligands and the distinction between its effect 
on ligand induced and A23187 induced secretion suggests that  it affects the 
normal path of Ca 2÷ entry into the cell. 

The inhibitory effects of quercetin were compared with those of the struc- 
turally related anti-allergic drugs cromoglycate and AH7725. 

Introduct ion 

Mast cell degranulation and the release of histamine by a variety of agents 
such as antigen [1], anti-immunoglobulin [2], lectins [3] and high molecular 
weight dextrans [4] (all of which crosslink relevant cell surface receptors), 
ATP [5] and the carboxylate ionophore A23187 [6] are dependent  on the 
presence of extracellular Ca 2÷. There is good evidence for the belief that  it is 
the entry of Ca 2÷ into the cytosol which triggers exocytosis in many secretory 
cells including the mast cell, but  except in the case of the ionophore-mediated 
process, the mechanism whereby membrane permeability to Ca z÷ is increased is 
unknown. A number of ideas have been aired [7]. These include an involvement 
of the phosphatidylinositol cycle [ 8,9], a reaction involving limited proteolysis 
[10,11] and generation of transmembrane channels due to aggregation of cell 
surface receptors by a mechanism similar to that  proposed for alamethicin 
[ 12]. Since exocytosis can be initiated by application of extracellular ATP [ 5], 
there is also the possibility of an involvement of a membrane ATPase. 

Quercetin and a number of ather  flavones of plant origin have been shown to 
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interfere with the activity of  membrane transport ATPases [13--15] and 
recently we showed that four flavones (fisetin, quercetin, myricetin and 
kaempferol) inhibit antigen-induced histamine release from sensitised mast cells 
and the (Ca 2÷) ATPase of  rabbit sarcoplasmic reticulum [16].  In addition the 
flavones (i.e. 2-phenyl cromones) are structurally related to the anti-allergic 
drug cromoglycate [17] which may affect the Ca z÷ entry pathway [23],  and so 
a more detailed s tudy of the effect  of  quercetin was undertaken. 

Methods 

Mast cell preparation 
Male Wistar rats were sensitized to egg white protein by intramuscular injec- 

tions into each hind leg of  0.25 ml of  a suspension of  pertussis vaccine BP (8 • 
108 organisms/ml) in a solution containing 50 mg dried egg white/ml. 15--30 
days later, a cell suspension containing 2--5% of mast cells was obtained by 
peritoneal lavage with 25 ml of  saline solution (NaC1 0.15 M) containing 
heparin (25 I.U./ml). Mast cells were purified to bet ter  than 80% by centrifuga- 
tion through a discontinuous density gradient of  human serum albumin as previ- 
ously described [18].  The lower albumin layer containing the mast cells was 
removed and washed in about  40 ml of  a Tyrode's  solution having the following 
composit ion: NaC1 137 mM/KC1 2.7 mM/NaH2PO4 0.4 mM/MgC12 1.0 mM/ 
CaCl~ 1.8 mM/glucose 5.6 mM/HEPES (4-(2-hydroxy-ethyl)-l-piperazine ethane 
sulphonic acid) 20 mM adjusted to pH 7.4 with NaOH. In experiments where 
the effect of varying calcium concentration was to be studied, CaC12 was 
omit ted from the Tyrode's  solution at this stage. 

Histamine release 
The cells were suspended in a suitable volume (25--50 ml) of  Tyrode's  solu- 

tion containing a suspension of  phosphatidylserine (20 pM) and maintained at 
37°C. (The purpose of  adding phosphatidylserine to the incubation medium 
was to elevate the degree of  ligand-induced histamine secretion [19]).  After 
5 min preincubation 0.5 ml of  cell suspension was added to 0.5 ml of Tyrode's  
solution containing the releasing agent and inhibitor at 37 ° C. Concentrations of 
releasing agents were those described in Fig. 1 unless otherwise indicated. The 
reaction was terminated after 2--10 min by transferring the tubes to ice and 
adding 2 ml of  ice-cold saline. The cell suspensions were centrifuged at 6500 × 
g for 5 min and the supernatants assayed for histamine. A separate sample of  
the cell suspension was suitably diluted and heated at 100°C for 5 min to 
release the total cell histamine. 

Assay of  histamine 
Histamine was measured fluorimetrically essentially according to the method 

of  Shore et al. [20] but  omitting the organic extractions except  when the iono- 
phores A23187 and X537A were used to release the cells. These ionophores are 
intensely fluorescent, and interfered with the measurement of  histamine, so 
they were removed from acidified histamine-containing solutions by a single 
extraction with hexane (3 vols). 

Histamine release is expressed as a percentage of  the total cell content  after 
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correcting for the spontaneous release which occurs in the absence of  releasing 
agents. None of  the inhibitors had a significant effect  on spontaneous histamine 
release. 

Materials 

Quercetin (Sigma) was dissolved as a stock solution (25 mM) in dimethyl  
sulphoxide wi thout  fur ther  purification. The ionophores A23187 and X537A 
were the generous gifts of Dr. R. Hamill of  Eli Lilly & Co. and of Dr. J. Berger 
of  Hoffman La Roche. These were made up as stock solutions (5 mM) in 
ethanol.  There was no effect  of the organic solvents at the concentrat ions used 
{<0.4% by volume) on the response of  the cells. Cromoglycate (gift of  Fisons 
Ltd.) and AH 7725 (gift of  Allen and Hanbury Ltd.) were made up as aqueous 
solutions. 

Results and Discussion 

The effect  of quercetin on histamine secretion induced by a number  of 
different  releasing agents is shown in Fig. 1. Quercetin is a potent  inhibitor of 
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Fig .  1. D o s e - r e s p o n s e  c u r v e s  f o r  i n h i b i t i o n  b y  q u e r c e t i n  o f  h i s t a m i n e  s e c r e t i o n  i n d u c e d  b y  a n t i g e n  ( e g g  
w h i t e  p r o t e i n s  10  p g / m l ) ,  c o n c a n a v a l i n  A ( 1 0  /~g/ml) ,  A T P  ( 1 0 0  p M ) ,  A 2 3 1 8 7  (6 p M )  a n d  X 5 3 7 A  
( 2 0  p M ) .  R e s u l t s  a re  e x p r e s s e d  as  a f r a c t i o n  o f  t h e  s e c r e t i o n  o b s e r v e d  in t h e  a b s e n c e  o f  q u e r c e t i n .  Bars  

s h o w  S . E . M .  
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release induced by antigen, concanavalin A and ATP. The possibility that  
quercetin could be acting as a competitive inhibitor of ligand binding to mast 
cells seems unlikely as the site of  action of ATP must be rather different from 
that  of  the crosslinking ligands. This conclusion is reinforced by the experi- 
ments shown in Fig. 2 which demonstrate that  in no case is it possible to over- 
come quercetin inhibition by increasing the concentration of releasing agent. 
These results also exclude the possibility that  quercetin is inactivating the 
releasers in some way before they affect the cell. 

The dose response curves for quercetin inhibition of secretion induced by 
antigen, concanavalin A and ATP are remarkably similar (Fig. 1) and so it is 
probable that  quercetin acts on a stage subsequent to ligand binding, which is 
common to all three releasers. Since all are dependent on extracellular Ca 2÷ for 
their effect, a common Ca 2÷ entry pathway is a plausible site of action for 
quercetin. 

In contrast, histamine release induced by the ionophores X537A and A23187 
was virtually unaffected by quercetin. The absence of an effect of  quercetin 
on X537A mediated release was not  unexpected since release induced by this 
rather non-specific ionophore is not a metabolically dependent process and will 
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Fig .  2. D o s e - r e s p o n s e  c u r v e s  f o r  h i s t a m i n e  s e c r e t i o n  i n d u c e d  b y  a n t i g e n ,  A T P  a n d  c o n c a n a v a l i n  A in  the  

p r e s e n c e  a n d  a b s e n c e  o f  q u e r e e t i n .  • e ,  n o  q u e r c e t i n ;  ~ a q u e r c e t i n  3 3  ~zM; c: -c~ 
q u e r c e t i n  1 0 0 / ~ M .  
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occur in the absence of calcium and so bears little relation to antigen-induced 
secretion [6]. 

The small degree of inhibition of A23187-induced secretion observed with 
100 pM quercetin is probably due to a direct interaction between A23187 and 
quercetin and it is unlikely that  the flavone has any significant effect on the 
cellular response to A23187. In support of this we found that  (1) mixtures of 
ionophore and quercetin form precipitates on standing; (2) there is a red shift 
in the fluorescence emission spectrum of A23187 in the presence of quercetin 
(Fig. 3a); (3) quercetin is able to prevent movement  of ions across membranes 
made permeable with A23187 (Fig. 3b). 

From the above results it would appear that quercetin has little effect on 
histamine release from mast cells rendered permeable to Ca 2÷ with A23187, 
which suggests that  its effect on the ligand mediated process involves blockade 
of  the normal calcium influx pathway. The possibility that  quercetin may act 
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Fig .  3.  D e m o n s t r a t i o n  o f  d i r e c t  i n t e r a c t i o n  b e t w e e n  A 2 3 1 8 7  a n d  q u e r c e t i n .  (a ) .  F l u o r e s c e n c e  e m i s s i o n  
s p e c t r a  o f  A 2 3 1 8 7  ( 3 6 6  n m  e x c i t a t i o n ) .  T h e  i o n o p h o r e  w a s  s u s p e n d e d  a t  a c o n c e n t r a t i o n  o f  5 p M  in n o r -  
rea l  T y r o d e ' s  s o l u t i o n .  C u r v e  A,  A 2 3 1 8 7  a l o n e ;  c u r v e  B, A 2 3 1 8 7  p l u s  q u e r c e t i n  1 0 0  ~zM; c u r v e  C,  q u e r c e t i n  
1 0 0  p M  a l o n e .  ( b ) .  E f f e c t  o f  q u e r c e t i n  ( 1 0 0  p M )  o n  r e l e a s e  o f  F e  2+ f r o m  l i p o s o m e s  t r e a t e d  w i t h  A 2 3 1 8 7 ,  

5 p M .  L i p o s o m e s  w e r e  g e n e r a t e d  a n d  m a i n t a i n e d  in  a s c o r b a t e  ( 0 . 1  M )  s o l u t i o n  as p r e v i o u s l y  d e s c r i b e d  
[ 2 1 ] .  T h e  a p p e a r a n c e  o f  e x t r a - l i p o s o m a l  Fe  2+ w a s  d e t e c t e d  w i t h  f e r r o z i n e  ( 0 . 5  r a M ) .  C u r v e  A,  r e l e a se  o f  
F e  2+ d u e  t o  t h e  a d d i t i o n  o f  A 2 3 1 8 7 ;  c u r v e  B~ e f f e c t  o f  a d d i n g  q u e r c e t i n  t o  t h e  l i p o s o m a l  s u s p e n s i o n  
t o g e t h e r  w i t h  t h e  i o n o p h o r e ;  c u r v e  C,  e f f e c t  o f  a d d i n g  q u e r c e t i n  1 r a i n  a f t e r  A 2 3 1 8 7 .  F o r  t h e  p u r p o s e  of  
t h e s e  e x p e r i m e n t s  w e  u s e d  F e  2+ f o r  w h i c h  A 2 3 1 8 7  is  a n  e f f e c t i v e  i o n o p h o r e  [ 2 1 ]  ; F e  2+ h a s  t h e  a d v a n t a g e  
o v e r  Ca 2+ o f  b e i n g  m o r e  r e a d i l y  d e t e c t e d  b y  o p t i c a l  m e t h o d s .  W i t h  t h e  u s e  o f  a c a l c i u m  e l e c t r o d e  we  w e r e  

a b l e  t o  g e t  e s s e n t i a l l y  s i m i l a r  r e s u l t s  f o r  Ca  2+ f l u x .  
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by sequestering or displacing Ca 2+ can be excluded for a number of  reasons. 
Firstly, the A 2 3 1 8 7  mediated process requires calcium and yet it is virtually 
unaffected by quercetin. In addition there is a considerable molar excess of  
calcium over quercetin even at the highest concentration of  the inhibitor used, 
and as Fig. 4 shows, it is not  possible to overcome the inhibition of  antigen- 
induced secretion by raising the calcium concentration. 

The inhibitory effect of  quercetin on antigen-induced histamine secretion is 
reversible. Cells treated with 100 pM quercetin for 5 min at 37°C and then 
washed with Tyrode's solution containing human albumin (0.2% to prevent 
spontaneous histamine release) secreted as much histamine in response to 
antigen challenge as similarly washed control cells. In addition the inhibition 
observed with a subsequent exposure to quercetin (30 pM) was unaffected by 
pretreatment with quercetin. 

Unlike many other inhibitors applied to intact cells (e.g. metabolic inhibitors 
[22]  and dibutyryl cyclic AMP [23] )  the effect of  quercetin is manifest when 
it is added to the cells at the same time as the releasing agent and prior incuba- 
tion with quercetin does not  significantly augment its inhibitory effect on 
antigen mediated release (Fig. 5). This is in contrast to the anti-allergic drug 
cromoglycate whose inhibitory effect is reduced by incubation as is shown by 
the dashed line in Fig. 5 (data from ref. 24). However, pretreatment of  the cells 
with cromoglycate (30 pM) for 30 min completely abolished the inhibition 
normally observed with a subsequent dose of  30 pM quercetin added together 
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Fig.  4.  Ca  2+ d o s e - r e s p o n s e  c u r v e s  f o r  a n t i g e n - m e d i a t e d  h i s t a m i n e  s e c r e t i o n  in the  p r e s e n c e  a n d  a b s e n c e  o f  
q u e r c e t i n .  C u r v e  1 ,  n o  q u e r c e t i n ;  c u r v e  2,  q u e r c e t i n  3 3  # M ;  c u r v e  3 ,  q u e r c e t i n  1 0 0  lzM. 

Fig.  5.  T i m e  c o u r s e  o f  o n s e t  o f  i n h i b i t i o n  o f  a n t i g e n - s t i m u l a t e d  h i s t a m i n e  re l ease  in  the  p r e s e n c e  o f  10  
a n d  3 3  # M  q u e r c e t i n  ( Q ,  ) a n d  2 0  p M  c r o m o g l y c a t e  (C,  c, . . . . . .  o ) .  ( D a t a  f r o m  K u s n e r  e t  al. [ 2 4 ] ) .  

Mast  ce l l s  w e r e  i n c u b a t e d  in T y r o d e ' s  s o l u t i o n  c o n t a i n i n g  t he  i n h i b i t o r s  f or  v a r i o u s  t i m e s  (as i n d i c a t e d  b y  
the  p o i n t s  o n  the  c u r v e s )  b e f o r e  a d d i n g  t h e  a n t i g e n .  T h e  r e a c t i o n  w a s  s t o p p e d  as  d e s c r i b e d ,  a f t e r  a f u r t h e r  

2 rain.  R e s u l t s  are  e x p r e s s e d  as  a f r a c t i o n  o f  t h e  r e l e a s e  o b s e r v e d  in the  a b s e n c e  o f  i n h i b i t o r ,  a n d  the  bars  
s h o w  S . E . M .  
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with the antigen (Table I). This suggests that  cromoglycate and quercetin are 
acting at the same site [25] which seems reasonable in view of their structural 
similarities and their ability to block the normal ligand mediated entry of Ca 2÷ 
into the cell [23].  Other  experiments show that  they differ in a number  of 
respects: 

(1) cromoglycate and the related compound  AH7725 [26] have little effect 
on histamine release in the presence of phosphatidylserine while inhibition due 
to quercetin is unaffected {Fig. 6}. 

(2) the inhibitory effect  of cromoglycate decreases with time [24];  quercetin 
inhibition is maintained (see above} 

(3) cromoglycate and AH7725 are not  inhibitors of  (Ca2÷}ATPase of  rabbit 
muscle sarcoplasmic reticulum (unpublished results}. 

Recent  work has shown that  quercetin and certain other  fiavones are 
inhibitors of ion transport  ATPases, and so we examined the possibility that  
the effect  of  quercetin on histamine secretion might be expressed through its 
inhibitory effect  on one of the membrane ATPases of the mast cell. We tried to 
discover whether  the stimulation by ATP requires its hydrolysis by an ecto- 
ATPase [27] on the mast cell surface. Such an enzyme,  activated by high con- 
centrations of  Ca ~÷ has been described [28] although doubts  about  its actual 
association with mast cells have been expressed [29].  However the structurally 
related but  non-hydrolysable ATP-analogue adenylyl imidodiphosphate  [30] 
both failed to stimulate release over the range 10--300 pM, and also failed (at 
500 pM) to inhibit release induced by ATP (50 and 100 pM). This suggests that  
the ATP receptor  site on the membrane surface is unusually selective, even to 
the extent  of  not  recognising the structural analogue. An alternative approach 
was to see whether  the impermeant  polyanion suramin which has been shown 
to be a po ten t  ATPase inhibitor [31] could prevent ATP induced histamine 
secretion. Itowever, suramin even at 100 pM had no effect.  This substance 
which inhibits all membrane ATPases so far tested is only active on the 
substrate side [31].  Since we saw no inhibition by suramin, it is unlikely that 
an ecto-ATPase is involved in ATP mediated secretion. 

Ouabain at concentrat ions of between 5 • 10 .7 M and 10 3 M with 0--15 rain 
pre-incubation was without  effect  on histamine release stimulated by antigen, 
which excludes the possibility that  quercetin acts by way of the (Na + + K+) - 
ATPase. It has already been shown that the mitochondrial  ATPase inhibitor 
oligomycin prevents both antigen and A23187 mediated secretion [22].  Since 
ionophore-mediated secretion was insensitive to quercetin, it is unlikely that 

T A B L E  I 

E f f e c t  o f  p r e t r e a t m e n t  w i t h  c r o m o g l y c a t e  o n  t h e  i n h i b i t i o n  o f  a n t i g e n  i n d u c e d  h i s t a m i n e  r e l ea se  by  
q u e r c e t i n .  Ce l l s  w e r e  i n c u b a t e d  a t  3 7 ° C  f o r  3 0  r a i n  w i t h  o r  w i t h o u t  c r o m o g l y c a t e .  T h e y  w e r e  t h e n  a d d e d  

to  t u b e s  c o n t a i n i n g  a n t i g e n  w i t h  o r  w i t h o u t  q u e r c e t i n  a n d  i n c u b a t e d  f o r  a f u r t h e r  t w o  r a i n  a t  3 7 ° C .  

P r e t r e a t m e n t  % H i s t a m i n e  r e l ea se  F r a c t i o n  o f  c o n t r o l  

C o n t r o l  30  p m  q u e r c e t i n  

N o n e  1 9 . 0  3 .8  0 . 2 2  
31) NM c t o m o g l y c a t e  1 6 . 8  13 .2  0 . 7 9  
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46% in its presence.  

the inhibitory flavones exert their effect at the level of mitochondrial oxidative 
phosphorylation. 

We have already shown that  quercetin and the other inhibitory flavones 
(fisetin, myricetin and kaempferol) are inhibitors of the (Ca 2÷) ATPase of 
rabbit muscle sarcoplasmic reticulum, while rutin and morin are without  effect 
on either system [16] so it is possible that  quercetin may be exerting its effect 
via a membrane transport (Ca2÷)ATPase. Although such an enzyme has yet  to 
be demonstrated in the plasma membrane of the mast cell, there can be little 
doubt  about  its universality and its role in the maintenance of  low Ca 2÷ levels 
in the cytosol of resting cells (approx. 10 -7 M in all tissues where this has been 
measured [32]). In any process involving ion transport, the possibility that  
both the inward and the outward movements of ions occur by a common path- 
way must be examined. Racker has suggested that  quercetin may act by 
increasing the pumping efficiency (i.e. ion translocation/ATP hydrolysis ratio) 
of  the partially uncoupled transport ATPases which llave been described in 
certain tumour  cells [ 14]. 

Whilst we cannot exclude the possibility that  quercetin acts at a site which is 
quite unrelated to Ca 2÷ transport ATPase, the following mechanism is an attrac- 
tive idea. Binding of signalling ligands to receptors on the mast cell surface 
permits the passive influx of Ca 2÷ into the cell by transiently uncoupling the 
Ca 2÷ transport pathway from the (Ca2+)ATPase which is normally responsible 
for the ejection of Ca 2÷ from the resting cell. The inhibitory action of quercetin 
could be directed at the postulated uncoupling process by ensuring that  the 
Ca 2÷ pathway remains fully coupled to the (Ca2+)ATPase even when stimulating 
ligands are applied to the cell. In this way the passive influx of Ca 2÷ would be 
prevented and exocytosis would not take place. 
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