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SCHIFFMAN, S S , C DIAZ AND T G BEEKER Caffeine mtenslfies taste of certain sweeteners Role ofadenosme 
re~ eptor PHARMACOL BIOCHEM BEHAV 24(3) 429-432, 1986 --Caffeine, a potent antagomst of adenosine receptors 
potentmtes the taste of some but not all sweeteners It significantly enhances the taste of acesulfam-K, neohespendm 
dlhydrochalcone, d-tryptophan, thaumatin, stewoside, and sodium sacchann Adenosine reverses the enhancement Caf- 
feine has no effect on aspartame, sucrose, fructose, and calcium cyclamate These results suggest that the inhibitory At 
adenosine receptor plays an important local role in modulating the taste intensity of certain sweeteners and that several 
transduction mechanisms mediate sweet taste 

Caffeine Taste Potentmtlon Adenosine Receptor Sweeteners 

THE sweet taste can be elicited by a wide range of com- 
pounds including mono- and disacchandes, dlterpene 
glycomdes, polyols, amino acids, dlpeptldes, proteins, and 
other nonsugars At present, neither the stereochemlcal 
properties of these molecules nor the receptor sites that lead 
to a sweet sensatmn are well understood Investigations 
from a range of disclphnes, including organic and medicinal 
chemistry, hiochemlstry, neurophysiology, psychophysics, 
and hiophyslcs, suggest that there are probably a multiplicity 
of sweet receptor types, each with ItS own stereochemlcal 
and physiocochemlcal requirements [5, 12, 15] 

Recent evidence suggests that the adenosine receptor, 
which is known to play a significant role in a variety of 
biological processes, also plays a role m taste perceptmn of 
sweeteners [14] Adenosine receptors modulate heart rate 
[4], vasodllatlon [1], platelet aggregation [7L neural activ- 
ity [18], steroid production [20], histamine release from mast 
cells [l 1], and hpolysls in fat cells [6] Two subtypes of cell 
surface adenosine receptors, the A1 (mhibltory) and A2 (ex- 
citatory) receptors, have been described [10,19] The Al type 
are high affinity receptors that show half maximal responses 
at nanomolar concentrations, half maximal responses for Az 
receptors are found at concentrations 100 to 1000 times 
higher in the mlcromolar range [17] Methyl xanthlnes (MX), 
including caffeine, theophylhne, and theobromme, are po- 
tent antagonists of adenosine receptors 

Adaptation of the human tongue to methyl xanthlnes at 
concentratmns ranging from 10 -5 M to l0 -2 M has recently 
been shown to potenttate certain tastes [14] Of the five 
stimuli tested (NaC1, quinine HCI, KCI, urea, and 
acesulfam-K), the greatest taste potentiation by methyl 
xanthlnes (approximately 100%) was found for the artificial 
sweetener acesulfam-K, which has a bitter component in ad- 

dttlon to sweetness Adenosine reversed this potentlatton, 
presumably by competing with methyl xanthlnes for the 
adenosine receptor This increase in perceived intensity oc- 
curred after adaptlon of the tongue to 10 -5 M MX, a concen- 
tration known to inhibit adenosine receptors but lower than 
that required to inhibit phosphodlesterase [6] Increasmg the 
concentrations of MX as high as l0 -2 M did not significantly 
mcrease the degree of enhancement The results suggested 
that taste enhancement is predommantly due to antagonizing 
of the adenosine receptor rather than inhibition of phos- 
phodiesterase 

The finding that responses to sweeteners are enhanced by 
methyl xanthines was further confirmed by electrophyslolog- 
lCal data in rat [14] The animal data, however, revealed that 
neural responses in nucleus tractus sohtanus for one 
sweetener, stevlostde, were greatly potentiated by 10 -5 M 
caffeine while sucrose was unaffected This suggested that 
the effect of MX is not uniform across sweeteners. 

The purpose of the present experiment was to determine 
if sweeteners other than acesulfam-K are potenttated by caf- 
feine in humans and to ascertain whether potentiation is uni- 
form across sweeteners or selective as found in rats The 
results described below indicate that 10 -5 M caffeine en- 
hanced the taste of some sweeteners including neohespendln 
dlhydrochalcone, D-tryptophan, thaumatln, steviosMe, and 
sodium sacchann Adenosine reversed this potentmtlon 
Four sweeteners, aspartame, sucrose, fructose, and calcium 
cyclamate, were not enhanced by caffeine 

METHOD 

The subjects were 10 Duke University undergraduate 
students aged 19--22 (2 male, 8 female) who had prior expert- 
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T A B L E  1 

YHE CHEMICAL CLASSIFICATIONS OF SWEETENERS AND THE CONCENTRA] ION 
OF STANDARDS USED IN THIS STUDY 

Acesulfam-K Oxathlazmone dioxide (methyl derivative) 0 02 M 
3,4-dlhydro-6-methyl- 1,2,3-oxathlazin- 
4-one-2,2-dloxide potassium salt 

Aspartame Dipeptide L-aspartyl-L-phenylalanme 8 00 × 10 ~ M 
methyl ester 

Calcium Calcium cyclohexylsulfamate 0 02 M 
cyclamate 

Fructose Monosacchande ketohexose 0 60 M 
Neohespendin Dlhydrochalcone glycoside 3 00 × 10 ~ M 

dihydrochalcone 
Sacchann O-sulfobenzlmlde 1,2-benzothiazol- 1 87 × 10 ~M 

(sodmm salt) 3(2H)-one-l,l-dioxtde, Na+ salt 
Stevioslde Dlterpene glycos]de 1 17 × 10 -~ M 
Sucrose Dlsacchande 0 80 M 
Thaumatm Several distinct proteins 2 78 × 10 ' M 
D-tryptophan D-amino acid 1 47 × 10 -' M 

CHROMATOGRAPHY 
PAPER SOAKED 
IN DEIONIZED 
WATER 

F;g la 

CHROMATOGRAPHY 
PAPER SOAKED 
IN I0 -sM CAFFEINE 

I , /  
TEST STIMULI \ I 
(Concentrations adjusted\L.~r~ , r'~_J J 
to match percetved ' ~  I ~-'j • 
intensity of standard) I 

Fig Ib 

TEST STANDARD 
DISSOLVED IN 
I0 -s M CAFFEINE 

FIG 1 (a) In one set of experiments, one half of the tongue was 
adapted to l0 5 M caffeme for a total of four minutes while the other 
half of the tongue was adapted to a deiomzed water control In a 
second set ofexpenments ,  both 10 -5 M caffeine and l0 5 M (or 10 4 
M) adenosine were simultaneously applied to one half of the tongue 
dunng the adaptation procedure with a water control on the other 
side (b) In one set of experiments, the standard concentraUon of a 
sweetener given in Table 1 was dissolved in 10 5 M caffeine and 
placed on the side of the tongue adapted to 10 -5 M caffeine Test 
stimuli, dassolved m deiomzed water, were applied to the 
noncaffeme-treated side, and the concentrations were adjusted to 
match the perceived intensity of the standard In the second set of 
experiments, the standard sweetener was dissolved in a solution con- 
taming both caffeine and adenosine 

ence  in t as te  e x p e r i m e n t s  Caffe ine  (1,3,7 t r lme thy lxan-  
th ine)  was  ob ta ined  f rom Sigma Chemica l  Co and  d i s so lved  
in d e i o m z e d  w a t e r  Subjec t s  were  requ i red  to m a t c h  the  per-  
ce ived  in tens i ty  of  a s t anda rd  s w e e t e n e r  c o n c e n t r a t i o n  pre- 
sen ted  s imu l t aneous ly  wi th  10 -2 M caf feme to a s e n e s  of  
in tens i t ies  o f  the  s w e e t e n e r  p r e s e n t e d  wi thou t  caf fe ine  The  
s w e e t e n e r s ,  c o n c e n t r a t i o n s  u s e d  as s t anda rds ,  and  chemica l  
c lass i f ica t ions  are  g iven  in Tab le  1 The  c o n c e n t r a t i o n s  used  
as s t anda rds  were  f o u n d  to i m p a r t  a m o d e r a t e l y  i n t ense  tas te  

b o t h  in p rev ious  e x p e r i m e n t s  [13] and  in p re tes t ing  The  
ma tch ing  p r o c e d u r e  for  de t e rmin ing  the  effect  o f  caffe ine on  
s w e e t e n e r s  has  b e e n  used  p rev ious ly  [13,14] and  is sum- 
mar l zed  as fol lows lheces  of  c h r o m a t o g r a p h y  paper  (What-  
m a n  N o  l ,  0 16-mm th ickness )  cut  in the  shape  o f  hal f  
tongues  we re  soaked  in e i the r  l0  ~ M caffeine or de iomzed  
w a t e r  (cont ro l )  for  l0  minu te s  T h e n  two p ieces  of  ch roma-  
tog raphy  paper ,  one  impregna t ed  wi th  l0  ~ M caffeine and  a 
w a t e r  con t ro l ,  were  appl ied to the tongue  for  2 minu te s  as 
s h o w n  in Fig la ,  this set  was  r e m o v e d  and  rep laced  by a 
f resh  set  for  a n o t h e r  2 minu tes ,  this cons t i t u t ed  a total  apph-  
ca t ion  t ime of  4 minu te s  

The  s w e e t e n e r  s t anda rd  and  tes t  s w e e t e n e r s  were  then  
de l ive red  to the  tongue  in 1/2-inch circles  of  c h r o m a t o g r a p h y  
p a p e r  as s h o w n  In Fig lb  The  s t andard  c o n c e n t r a t i o n  to be  
m a t c h e d  was  d i s so lved  in 10 -~ M caffeine and  p laced  on  the  
side of  the  tongue  adap ted  to caffe ine  The  c o n c e n t r a t i o n  of  
the tes t  s t imulus  on  the  o the r  side was ad jus ted  unt i l  a con-  
c e n t r a t i o n  was  found  tha t  m a t c h e d  the in tens i ty  of  the  s tand-  
a rd  d i sso lved  in caffe ine W h e n  the s w e e t e n e r  concen t r a -  
t ions  appl ied  to the  two sides o f  the  tongue  were  p e r c e i v e d  to 
be  equal ly  in tense ,  sub jec t s  were  a lso asked  wh ich  side of  
the  t ongue  was  more  b i t ter  and which  side was swee t e r  in 
o rde r  to d e t e r m i n e  if t he re  was a shaft in t as te  quali ty Three  
e x p e n m e n t s  were  pe r fo rmed  wi th  each  of  the  fol lowing as 
adap t ing  so lu t ions  (1) 10 ~ M caffe ine ,  (2) 10 -~ M caf feme 
and  10 -2 M adenos ine ,  and  (3) l0 -5 M caffeine and l0 -4 M 
a d e n o s i n e  T h e s e  c o n c e n t r a t i o n s  of  caffe ine and  a d e n o s i n e  
are tas te less ,  the  ave rage  recogn i t ion  t h r e sho lds  for  the  bit- 
t e r  t as te  of  caffe ine and  a d e n o s m e  for  these  subjec t s  are 
2 5 x  10 -3 M and  2 x  10-" M, r e spec t ive ly  

RESULTS 

Caffeine (10 -5 M) was found to po t en t i a t e  some  but  no t  all 
s w e e t e n e r s  It  had  its mos t  p r o n o u n c e d  effect  on  artificial  
s w e e t e n e r s  k n o w n  to have  b i t te r  c o m p o n e n t s  (see [16]) as 
s h o w n  in Fig. 2a The  s t n p e d  bar  r ep re sen t s  the  s t anda rd  
c o n c e n t r a t i o n ,  the  supp led  ba r  ind ica tes  the  c o n c e n t r a t i o n  
pe rce ived  to m a t c h  the  c o n c e n t r a t i o n  in the p r e s e n c e  o f  caf- 
feine I t  c an  be  seen  m Fig 2a tha t  caffeine s ignif icant ly  
po ten t i a t ed  six swee tene r s  a ce su l f am-K (100%), neohes -  
p e n d m  d l h y d r o c h a l c o n e  (65 4%), d - t r y p t o p h a n  (52 4%), 
t h a u m a t l n  (51 4%), s tevlos lde  (48 4%), and  sod ium s a e c h a n n  
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FIG 2 The striped bar represents the standard concentratton, the stippled bar lndzcates the test concentration perce,ved to match the 
standard dissolved in caffeine The white bar represents the perceived intens,ty after simultaneous apphcatmn of l0 -5 M caffeine and l0 -5 M 
adenosine, the solid bar, after l0 -5 M caffeine and l0 -4 M adenosine (a) Six sweeteners enhanced by caffeine (b) Four sweeteners unaffected 
by caffeine 

(29 4%) It had no slgnLficant effect  on the four sweeteners  in 
F~g 2b that have no pronounced bitter components  aspar- 
tame, sucrose,  fructose,  and calc ium cyc lamate  

It is further s h o w n  in Fig 2 that adenosine  reduced the 
potentiation achieved by caffeine,  10 -4 M adenosine  was  
more effect ive  than 10 -5 M The white  bar represents the 
perceived intensity after s imultaneous  applicaUon o f  10 -~ M 
caffeine and 10 -2 M adenos ine ,  the solid bar, the perceived 
intensity after 10 -~ M caffeine and 10 -4 M adenosine  

When  caffeine was  effect ive in enhancing taste, 78% of  
the judgments  indicated that the total taste quahty (both 
sweet  and bitter components )  was  affected The tastes on the 
two sides o f  the tongue were  perce ived as identical,  and 
thus, for sweeteners  with both sweet  and bitter tastes, both 
quahtles were  apparently enhanced  T w e l v e  percent o f  the 
responses  suggested that only  the b~tter taste was  enhanced 
and 10%, only  sweet  taste was  increased H o w e v e r ,  for any 
given sweetener ,  these latter two responses  were  approx- 
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lmately  equal ly  f requent ,  again  sugges t ing  no change  in 
overal l  qual i ty  

DISCUSSION 

These  da ta  s t r e n g t h e n  the  no t ion  tha t  more  than  one re- 
cep to r  type  medmtes  swee tnes s  Six of  the ten  s w e e t e n e r s  
t es ted  were  e n h a n c e d  by  caffe ine ,  and  adenos ine  r e v e r s e d  
the  po t en t i a t i on  F o u r  s w e e t e n e r s  were  unaf fec ted  Thus  
h u m a n  da t a  are  cons i s t en t  wi th  p r ev ious  neura l  da ta  f rom rat  
[14] tn wh tch  10 -5 M caffeine s ignif icant ly  po ten t t a ted  the  
neura l  r e s p o n s e  to s tev los tde  but  did not  s .gmficant ly affect  
SUCrose 

While  no  obv ious  s t ruc tura l  c o m p o n e n t s  clearly de lmea te  
these  two g roups  of  swee t ene r s ,  t hose  e n h a n c e d  by caffe ine  
have  b e e n  r epo r t ed  to have  a b i t te r  c o m p o n e n t  [16] whtle  
those  tha t  were  no t  po ten t i a t ed  have  minimal  b i t t e rness  Fo r  
s w e e t e n e r s  m o d u l a t e d  by caffe ine ,  b o t h  b i t ter  and swee t  
c o m p o n e n t s  a p p e a r  to  have  b e e n  e n h a n c e d  It  seems  plausi-  
ble tha t  a r e c e p t o r  site of  the type  p rev tous ly  p roposed  by 
Birch and  M y l v a g a n a m  [2] in which  swee t  and b i t te r  si tes lie 
p rox ima te  one  a n o t h e r  is m v o l v e d  in the  t r a n s d u c t l o n  proc-  
ess  for  caf fe ine-sens i t ive  s w e e t e n e r s  

A l though  it is p r e m a t u r e  to def ine precise ly  the b iochemi-  
cal m e c h a n i s m  by which  caffeine po ten t i a t e s  the pe rce ived  
in tens i ty  of  some swee teners ,  it seems  poss ible  that  in- 
c r eased  levels  of  c A M P  ale  invo lved  Binding of  adenos ine  
to the  Inhib i tory  A~ recep to r  inhibi ts  adeny la te  cyclase  Caf- 
feine an tagon izes  this  r e sponse  resul t ing  in an increase  in 
c A M P  It is poss ib le  tha t  increases  in c A M P  levels p roduce  
inc reases  in pe rce ived  tas te  in tens i ty  Synthes is  of c A M P  
within a cell takes  t ime,  and  the  fact  tha t  e n h a n c e m e n t  wi th  
l0 ; M caffeine did not  occu r  Ins t an taneous ly  but  r a the r  was 
t ime -dependen t ,  r equ lnng  p readap ta t lon ,  is cons i s t en t  with  a 
role for c A M P  On the o the r  hand ,  it should  be no ted  that  
c A M P  need  not  be direct ly involved ,  since cer ta in  cel lular  
effects  re la ted to s t imula t ion  of  adenos ine  recep tors  do not 
appea r  to be media ted  via adeny la te  cyclase  [3, 8, 9] 

In conc lus ion ,  caffeine po ten t i a t ed  the taste of  swee ten-  
ers with  a b i t te r  c o m p o n e n t  but  had  no  effect  on s w e e t e n e r s  
lacking b i t t e rness  Adenos ine  r eve r sed  the po ten t i a t ion  The  
resul ts  suggest  tha t  the A. inh ib i to ry  adenos ine  r ecep to r  
plays an i m p o r t a n t  local role m modula t ing  pe rcep t ion  of  
some s w e e t e n e r s  
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