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SUMMARY 

I. Kinetic analysis allows the detection of mutual competition between 
transport inkibitors of similar or of different kinetic type. 

2. Phlorizin, a fully competitive and phloretin, a fully non-competitive 
inhibitor compete mutually for the transport system(s) of glucalogues in hamster 
small intestine. This observation suggests common step(s) in the mechanism of 
inhibition by phloretin and phlorizin. 

INTRODUCTION 

Phlorizin is a fully competitive inhibitor of the Na+-dependent transport 
of glucalogues at the brush border pole of the small intestinal cylindrical ceUs 1, 
whereas its aglycone, phloretin, produces a decrease in the apparent maximum 
transport velocity, without affecting the apparent Km (ref. 2). Despite the fact 
that  the two types of inhibition by these compounds have different kinetics, 
hypotheses have been put forward on the mechanism of phlorizin inhibition, which 
imply similarity or overlap between the modes of action of phlorizin and phloretin: 

(i) Phlorizin binds at two sites, viz. at the glucalogue carrier and at the phloretin 
binding site (the resulting higher binding energy would explain the unusually 
small K,  of phlorizin~, 8. (ii) The aglycone of phlorizin (liberated by the brush border- 
bound phlorizin hydrolase 4,5) would be the actual inhibitor 5 rather than phlorizin 
itself. A third possibility is, of course, that  phlorizin and phloretin inhibit intestinal 
sugar transport through unrelated mechanisms. 

Hypothesis (i), and probably Hypothesis (ii) also, imply that  phlorizin and 
phloretin should compete with each other, in spite of their dilterent kinetic type 
of inhibition. To the best of our knowledge, however, such competition was never 
subjected to a quantitative kinetic test*, nor, in fact, were ever the appropriate 
kinetic equations made available. In the following we provide the equations for 

* A first step in this direction is reported in ref. 3. 
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testing whether two transport inhibitors, fully competitive and/or fully non-com- 
petitive compete mutually or not. It  will be seen that, whenever the two inhibitors 
compete mutually, Dixon plots (I/initial flux vs variable concentrations of one 
inhibitor) in the presence and in the absence of a second inhibitor, always yield 
parallel lines, irrespective of whether the two inhibitors belong to the same kinetic 
type or not. 

Experiments on the inhibition of small intestinal sugar transport by phloretin 
and phlorizin clearly show that  these two inhibitors compete mutually. 

Without mutual competition With mutual competition 

One fully competitive and one fully non-competi(ive inhibitor 

Two fully competitive inhlbitors 

Two fully non-competltlve inhibitors 

Fig. I. Schematic model of mutual competition or lack of mutual competition between fully 
competitive and fully non-competitive inhibitors. SBS, substrate binding site; NCIBS, non- 
competitive inhibitor binding site. C, D, fully competitive inhibitors; N, R, fully non-competitive 
inhibitors. 

THEORY 

Assumptions 
In deriving the equations of Table I the following assumptions were made: 

(a) The carrier binds one substrate molecule. (b) The rate-limiting step in the 
unidirectional flux is the translocation of the carrier through the membrane (or 
its physical equivalent), so that carrier, substrate and inhibitor can be considered 
as being always in equilibrium at either face of the membrane. (c) In the steady 
state there is no build-up of carrier anywhere in the membrane (i.e. the total 

Biochim. Biophys. Acta, 288 (1972) i45-i52 
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velocity of translocation of carrier molecules in its various forms is the same in 
both directions). (d) The permeability coefficients (P, or their physical equivalents) 
for a given carrier form are equal in both directions. 

Definition of symbols 
C and D were fully competitive inhibitors; N and R fully non-competitive 

inhibitors; S the substrate; X the carrier. Their concentrations are indicated by 
small letters. Xt was the total carrier concentration, j~i'=o was the initial 
unidirectional flux of substrate from the mucosal incubation medium into the 
intestinal cells across the brush border membrane. 

The K values at the cis side (incubation medium) were defined as follows: 

X ' S  X n ' S  x r , ' s  
K S ~ _ _ - - _ _ -  

x s  x s n  x s r  

Fx,.,1 r-x,,.,1 

Fx,,.:l = F ,.q 
K~ - ~ L~-~-J = L ~d~ j L-X-c~-J 

~.r ~.r_I-~.~ ~ I-~.~] I-~d.r] 
K~- ~7 - ~7 L~-~-J=L-~TZJ=L-~Fj 

K~ = ~ = L ~,d j = L-~-J = L-~-~-J 
When the inhibitors are mutually competitive, the Ks values of the equilibria in 
square brackets were equal to oo. The magnitudes referring to equilibria at the 
trans (cellular) side were defined similarly and indicated by  a dash ('). The 
permeability coefficients (or their physical equivalents) were indicated by P and are 
indexed appropriately. PxsN and PxsR were assumed to be zero ("fully" non- 
competitive inhibition), whereas none of the other P values was assumed to be 
necessarily equal to zero*. This additional assumption can be made, the corresponding 
term then vanishing from the equations of Table I. 

Dixon plots 
The rate equations for the initial unidirectional fluxes (i.e. at zero trans 

concentrations of substrate and inhibitors) are given in Table I in the form requested 
for Dixon plots ( I / J~  "=° vs either n or c). They provide a simple kinetic test to 
decide whether the inhibitors considered compete mutually or not: whatever the 
kinetic type of their inhibition, if the two inhibitors compete mutually, the line 
obtained in Dixon plots in the presence of a constant concentration of a second 
inhibitor is always parallel to that  obtained with the variable inhibitor alone. 
(compare eqns III  and IV with eqn I and eqns V and VI with eqn II) On the other 
hand, if the two inhibitors do not compete mutually, the lines obtained cross at 
the left side of the I/J~m i'=° axis, the crossing point being either above, or on, 

* W h e n  P x c  o r  PxD a r e  > o, C o r  D,  r e s p e c t i v e l y ,  c a n  of  c o u r s e  b e  r e g a r d e d  a s  s u b s t r a t e s .  
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or below the i axis, depending on the P values involved. This test is further 
illustrated in Fig. 2. 

a / * i2  / 

/ / / j / / / -  " ? / /  

1 

/ 
/ 

/ 

, , / /  / 

1 
s;7'o 0 

/ "  

Y 

/ 
/ *i 2 

/ 
/ 

/ 
/ 

/ 

¢ 

/ 

/ 4 ,  2 
/ 

_1 / 
/ 

,zm~ / 
/ 

h 

Fig. 2. D ixon  plots .  (I/ff~Jc/'=0 v$ variable concentrations of one inhibitor ii ,  with  or wi thout  
another inhibitor iz at a constant  concentration).  (a) Mutual  compet i t ion between inhibitors. 
(b) and (c) two examples  of lack of mutual  compet i t ion between inhibitors. 

METHODS AND MATERIALS 

The intestinal sugar transport was measured in vitro in Krebs-Henseleit  
buffe#, using 6-deoxy-D-glucose (2.0 mM) as substrate, with [3H]mannitol (0.25 ffM) 
as a marker for the extracellular space*. Everted small-intestinal rings from ham- 
sters were mounted in appropriate frames exposing to the medium the mucosal 
surface alone ~. At short incubations the uptake was an accurate approximation of 
the unidirectional fluxT; the extracellular space amounted to lO% at most. 
Preincubation (at 37 °C, for 0-30 rain) was carried out in Krebs-Henseleit  buffer 
containing o - I o  mM phloretin. (The stock solution of phloretin was 18o mM in 
acetone; equivalent amounts of acetone were added to the controls). At the 
beginning of the incubation proper, 6-deoxy-D-glncose and mannitol  were added, 
as well as phlorizin at the concentrations indicated. (Phlorizin was not present 
during the preincubation, because of the phlorizin hydrolase activity of the small 
intestine, refs 4 and 5). Incubation at 37 °C lasted 15 rain. Preliminaly experiments 
had showed that the uptake of 6-deoxy-D-glucose was linear up to this time at least. 

During both preincubation and incubation the tissues were supplied conti- 
nously with O 3 (95 %) and CO 2 (5 %), which prevented any damage - -  either 
morphological or functional - -  to the tissue 8. At the end of the incubation, the 
tissue was rinsed with cold Krebs-Henseleit  buffer, punched ~ and weighed. After 
deproteinization with Ba(OH)2- ZnSO4, 6-deoxy-D-glucose was measured according 
to the method of Dische and Shettles 9. [~Hlmannitol was determined in a scin- 
tillation counter; the scintillation liquid was 0.05 % butyl-PBD [2-(4'-tert-butyl- 
phenyl)-5-(4"-biphenyl)-I,3,4-oxadiazole] in toluene. The data were expressed as 
ffmoles substrate taken up per min per ml tissue water, assuming that the latter 
amounted to 80 % of the fresh weight 1°. 

* The absorption of mannitol  in most  of hamster  small  intestine is negligible (P. Ruf  and 
G. Semenza,  Biochim. Biophys. Acta, to be submitted for publication),  as compared to that  
of 6-deoxy-D-glucose.  For the purpose of the present investigation,  therefore, mannitol  can be 
regarded as a marker for extracellular space. 

Biochim. Biophys. Acta, 288 (I972) i 4 5 - I 5 2  
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6-Deoxy-D-glucose was supplied by Koch-Light Lab., Colnbrook, Bucks; 
phlorizin by Fluka, Bucks, and was recrystallized twice from water; phloretin 
was obtained from K and K Lab., Inc., Plainview, N.J., and E3H]mannitol from 
The Radiochemical Centre, Amersham, Bucks. All other chemicals were reagent 
grade and were obtained from commercial sources. 

TABLE II 

6 - D E O X Y - D - G L U C O S E  U P T A K E  I N  T H E  SMALL I N T E S T I N E  OF A D U L T  H A M S T E R  I N  T H E  P R E S E N C E  

OF I mM PHLORETIN; PREINCUBATION 30 MIN 

The data  are corrected for the extracellular space and are expressed as /,moles taken up per 
rain per ml tissue water. (Intestine mounted in frames, ref. 7). Average of 4 determinations 
4- S.E. 

Uptake Inhibition (%) 

Controls 
+ Phloretin (reagent grade) 
+ Phloretin (pretreated in 3 M 

HC1 at  ioo °C for IOO min) 

o.614 -[- o.o12 
o . I I I  -4- 0.007 82.0 
0.092 4- O.Ol 7 85.I 

RESULTS AND DISCUSSION 

The batch of phloretin used was first tested for the possible contamination 
with traces of the much more active phlorizin. If the inhibition brought about 
by phloretin was due in part to contaminating phlorizin, treatment of the phloretin 
preparation with 3 M HC1 for IOO min at IOO °C should decrease its inhibiting power. 
Table II shows that  thisJs not the case. 

~oo4 

._~ 6 0 -  

20- 

0.01 0.1 0,5 

0 2 O  0 5 1 5 3 0  30 3o 
Preincubation ( min ) 

1 10 m M  phlore t in  

-I- 

3O 

Fig. 3. Inhibit ion of 6-deoxy-D-glucose uptake in the small intestine of adult  hamsters at  various 
phloretin concentrations and after preincubations of different lengths of t ime in the presence 
of phloretin. 

The onset of inhibition is much greater in the case of phlorizin than in that 
of p h l o r e t i n  n .  T h e  t i m e  cour se  of p h l o r e t i n  w a s  t h e r e f o r e  c h e c k e d  b y  p r e i n c u b a t i o n  

e x p e r i m e n t s  of i n c r e a s i n g  l e n g t h  of t i m e  (Fig.  3)- F o r  t h e  m i x e d  t e s t s ,  t h e  c o n c e n -  

t r a t i o n  of p h l o r e t i n  c h o s e n  w a s  0.5 m M  a n d  t h e  t i m e  of p r e i n c u b a t i o n  3o  m i n .  

D u e  to  t h e  s low o n s e t  of p h l o r e t i n  i n h i b i t i o n ,  i t  was  c h o s e n  t o  c a r r y  o u t  t h e  m i x e d  

i n h i b i t i o n  t e s t s  a t  one  p h l o r e t i n  c o n c e n t r a t i o n  a n d  a t  v a r i a b l e  p h l o r i z i n  c o n c e n -  

t r a t i o n s .  

Biochim. Biophys. Acta, 288 (1972) 145-152 
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The resul ts  of mixed  inh ib i t ion  t e s t s  are r epor ted  in Fig.  4. I t  is clear  t ha t  
the  l ine ob ta ined  wi th  phlor iz in  in the  presence of ph lore t in  is para l le l  to t h a t  
ob ta ined  wi th  phlor iz in  alone. (The slope wi th  phlor iz in  and  phlore t in  is 0.54; the  
one wi th  phlor iz in  alone is 0.57). 

20 / ~ o r e t i n  

' / ~  / 0 ' ~< J ' 10 15 20 
Phlorizin (JJM) 

Fig. 4. Inhibition of 6-deoxy-D-glucose uptake in the small intestine of adult hamsters by phlorizin 
in the presence (0)  or in the absence (©) of 0. 5 mM phloretin. Dixon plots; n = 5; the lines 
are regression lines; the bars indicate the S.E. 

Phlor iz in  being a ful ly  compe t i t ive  inh ib i to r  1 and ph lore t in  p robab ly  a ful ly  
non-compet i t ive  inh ib i to r  2, the  re levan t  equat ions  are I and  IV (Table I). I t  should 
be po in t ed  out,  however,  t h a t  para l le l  l ines in th is  p lo t  allow the  diagnosis  of 
m u t u a l  compe t i t ion  i r respect ive  of the  k ine t i c  t ype  of the  ind iv idua l  inhibi tors .  
(see under  Theory).  This  po in t  is of impor tance ,  in view of the  presen t  u n c e r t a i n t y  
as to the  k ine t ic  type  of ph lo re t in  inh ib i t ion  s and  as to the  chemical  mechan i sm 
of phlor iz in  inh ib i t ion  5. The mutua l  compe t i t ion  be tween phlore t in  and  phlor iz in  
suggests  common step(s) in the i r  mechanisms  of inhib i t ion ,  and  is thus  compa t ib le  
with,  bu t  does not  necessar i ly  prove,  Hypo theses  (i) and  (ii) quoted  in the  In t ro-  
duct ion.  

To the  bes t  of our knowledge,  th is  is the  first r epor ted  example  of compe t i t ion  
be tween inh ib i tors  of different  k ine t ic  type.  
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