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Abstract-The effect of benzoic acid derivatives on glucose uptake in human erythrocytes was studied. 
It was observed that all compounds competitively inhibit glucose transport and that the inhibition was 
a reversible process. The kinetic analysis revealed that benzoic acid derivatives form complexes with 
the transport system with either one or two molecules bound to the transport site. Elongation of the 
methyl group of the ester to the butyl group led to a higher affinity of the benzoic acid derivatives to 
the transport system. Their inhibitory potency (except some compounds with free COOH groups) 
correlated with their octanol-water partition coefficients, i.e. with their hydrophobicity. Comparing the 
inhibitory potencies of the local anesthetics with those of the benzoic acid derivatives it was found that 
the substituted NH2 groups did not intensify the effect of the local anesthetics. 

A wide variety of biological processes is influenced 
by local anesthetics [l-5], which are from a chemical 
point of view mostly secondary or tertiary amine 
compounds. Their molecules can be divided into 
three parts: a hydrophobic aromatic one (H-A), an 
intermediate chain (I-CH) and a substituted amino \ , 

. The latter exists in a charged 

cationic or an uncharged form. The relation of these 
two forms depends on the pK value of the 

-N’ 
R 

‘R 
group and the pH of the bathing solution: 

H 

H-A-I-CH-N’ 
R o/ 

” H-A-I-CH-N-R 
\R -H’ 

\ 
R 

The question whether the charged, the uncharged 
or both groups are responsible for the biological 
activities of local anesthetics is not yet clarified [6]. 

Recently we dealt with the significance of the 
hydrophobic part of the local anesthetics on glucose 
transport in human erythrocytes [7]. The present 
paper reports studies of the influence of compounds 
(benzoic acid derivatives), consisting only of the 
hydrophobic part and intermediate chains* of vari- 
ous lengths, on glucose movement across the eryth- 
rocyte membrane. They differ from the usual local 
anesthetics bearing no substituted NH1 group in their 

* Thus an ‘intermediate chain’ does not exist in these 
compounds; however, we kept this expression (justified for 
the local anesthetics) to avoid confusion when comparing 
the benzoic acid derivatives with the local anesthetics. 

molecule and consequently are uncharged. One rep- 
resentative of this group, benzocaine is known to 
exert a local anesthetic effect [8]. 

MATERIALS Ah’D METHODS 

Human blood of healthy donors was collected in 
ACD-solution (11 g sodium citrate, 35 g glucose, 4 g 
citric acid with aqua bidest, ad 10OOml). After 
removal of the plasma by centrifugation, the eryth- 
rocytes were preloaded with 200 mM glucose by four 
washings in isotonic NaCl solution, containing 
200 mM glucose. 150 ~1 of these preloaded cells were 
incubated at 20” in 10 ml medium of isotonic phos- 
phate buffer with different concentrations of 
[14C]glucose and benzoic acid derivatives (dissolved 
in 2% ethanol) as indicated in the various experi- 
ments. After five seconds the incubation was stopped 
by pouring the suspension into 80 ml ice-cold stop- 
ping solution (2 mM HgC12,310 mM NaCl, 1.25 mM 
KJ). After centrifugation and rinsing the inside of 
the tube with the stopping solution at 0”, the eryth- 
rocytes were hemolysed in aqua bidest and the pro- 
teins precipitated according to Somogyi [9]. The 
radioactivity was determined by liquid scintillation 
counting. For details of the experimental procedure 
see Lacko et al. [lo]. The kinetic analysis for the 
inhibition of the benzoic acid derivatives was carried 
out (with a correction for the effect of ethanol) as 
described previously [ 111. 

The partition coefficients were determined as fol- 
lows: the benzoic acid derivatives were dissolved in 
phosphate buffer pH 7.5 and shaken vigorously with 
a defined volume of octanol for five minutes. After 
centrifugation (5 min) the octanol was taken off. The 
concentrations of the benzoic acid derivatives and 
the aqueous phase were estimated from their absorl- 
antes, measured with a spectrophotometer (Zeiss 
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PM 6). From the differences between the concen- 
trations before and after shaking with octanol, the 
partition coefficients were calculated according to 
the refation: * 

p = VHzO * (Cl - cd 

vm. . c2 * 

The benzoic acid derivatives used in the experiments 
are commercial preparations from Sigma 
(~~n~hen) . 

RESULTS 

Reversibility of inhibition 

Reversibility of inhibition was tested by incubation 
of erythrocytes, pretreated with benzoic acid deriva- 
tives, in glucose media without inhibitor. There was 
no difference between the velocities of glucose 
uptake in erythrocytes pretreated with benzoic acid 
derivatives and not pretreated ones. It can be con- 
cluded that the benzoic acid derivatives, bound to 
the erythrocyte membrane in the course of the prein- 
cubation, dissociate immediately from their binding 
sites during the main incubation and are lost to the 
medium. Due to their large dilution by the medium 
they exert no more influence on glucose uptake. It 
follows that the interaction of benzoic acid deriva- 
tives with the transport system is a reversible process, 
occurring very fast, in comparison to the incubation 
time of five seconds. 

The inhibits kinetics 

The inhibition kinetics of all benzoic acid deriva- 
tives, listed in Table 1, and the dissociation constants 
of their complexes with the transport system were 
determined as described previously [ll]. Some typ- 
ical examples of plots are shown in Figs l-3. The 
Lineweaver-Burk plots of all benzoic acid deriva- 
tives reveal a competitive inhibition (as examples 
see Fig. la, b); the differences of the other two types 
of plots indicate that in some derivatives only one 
molecule of inhibitor interacts with one molecule of 

* List of symbois-P: partition coefficient 
(octanopwater); I&J: volume of water; V,,: volume of 
octanol; cl: concentration of the drug in the aqueous phase 
before shaking; cz: concentration of the drug in the aqueous 
phase after shaking; [Ij: concentration of the inhibitor 
(benzoic acid derivatives) in the medium (mM); 
~1, and vI+ transport velocity of the reaction inhibited by 
the same inhibitor of the concentrations [I,j and [Z& Ir’,: 
Michaelis constant for glucose; K?: dissociation constant 
of the inhibitor/transport system complex, derived from 
the Lineweaver-Burk plot; 4: dissociation constant of the 
inhibitor/transport system complex; X: dissociation con- 
stant of the second inhibitor molecule/transport system 
complex. 

? Abbreviations--p-HB: p-hydroxy-benzoic acid; p- 
HBME: ~-hvdroxv-be~oic acid methvlester; p-HBEE: 
p-hydroxy-benzoic. acid ethylester; p-GBPE: p-hydroxy- 
benzoic acid propylester; p-HBBE: p-hydroxy-benzoic acid 
butylester; o-HB: o-hydroxy-benzoic acid (salicylic acid); 
p-MOB: p-methoxy-benzoic acid (anisic acid); p-AB: p- 
amino-benzoic acid; p-ABEE: p-amino-benzoic acid 
ethylester (benzocaine); p-ABBE: p-amino-benzoic acid 
butylester. 

$(mM glucose? 

6 
c 

$ (mM giucosej 

Fig. 1. Double-reciprocal plot of glucose uptake with p- 
ABEE or n-HB resoectivelv in the medium. Ervthrocvtes 
were preloaded wiih 2OOmM glucose in isotonic GaCl 
solution and incubated for five seconds at 20” in phosphate 
buffer at pH 7.5, containing five different f’4C)glucose 
concentrations between 0.5 and 2.5 mM, with (@) and 
without (0) the inhibitor. In (a) the in~bitor is 0.75 mM 
pABEE, in (b) the inhibitor is 24 mM p-HB. The recipro- 
cal value of the glucose uptake velocity l/u (set mM-‘) is 
plotted against the reciprocal value of glucose 

concentrations. 

the transport system (Figs 2a, 3a). In other benzoic 
acid derivatives two molecules can be bound to one 
molecule of the transport system (Figs 2b, 3b). The 
results of the kinetic analysis for all tested benzoic 
acid derivatives are specified in Table 1. 

Ebb of glucose into a rned~~rn conta~njng differeent 
competitive inhibitors 

Figure 4 shows the efflux of glucose from eryth- 
rocytes, preloaded with glucose, into a medium con- 
taining different competitive inhibitors (galactose, 
maltose, p-HBME)t in concentrations of multiples 
of their Ki values. (The Ki values of galactose and 
maltose were estimated for our experimental con- 
ditions; details are not described.) The action of the 
inhibitors was compared with that of dulcit {in similar 
concentrations as galactose) being ineffective on glu- 
cose transport. It can be seen that the inhibitors have 
different qualitative and quantitative effects: while 
galactose accelerates the glucose efflux, maltose and 
p-HBME inhibit it to a different extent. 
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1, mM p-ABEE 

I, mM p-HB 

Fig? 2. Dependence of the glucose uptake on the inhibitor 
concentrations [Il. Erythrocytes, preloaded with 200 mM 
glucose in 0.9% NaCl solution were incubated for 5 set at 
20” in phosphate buffer at pN 7.5, containing two different 
glucose concentrations (A = 0.5 mM glucose and n = 
2.5 mM glucose) and five different inhibitor concentrations: 
(a)p-ABEE between0.25 and 1.25 mM; (b)p-HB between 
8 and 40 mM. The reciprocal value of the glucose uptake 
velocity l/Ui (set mM_‘) is plotted against the inhibitor 

concentrations. 

Znhibitory potencies and partition m$kieents of ben- 
zoic acid d~?i~a~~es 

It has been found that the biological action of 
many compounds can be correlated with the 
equation: 

lo&= a log P f b; [12]. 

C is the molar concentration of the drug causing a 
standard biological response, a and b are character- 
istic constants of a given system and P is the octan- 
o&water coefficient. We estimated the partition 
coefficients of the investigated benzoic acid deriva- 
tives (Table 1) and plotted the above relation in Fig. 
5. As a standard biological response ISO the concen- 
trations (mM) of the benzoic acid derivatives pro- 
ducing 50 per cent inhibition of glucose transport 
were taken. In Fig. 5 it can be found that the rela- 
tionship is valid for seven benzoic acid derivatives. 
For some derivatives with free COOH groups the 
partition coefficients could not be estimated because 

c 

20 N4 

-qq_ 3 . L 

i i~ 

, .-L-L -L-.-L-. 
-I&- 2 

00 
I, +Q mM p-ABEE 

1, +1p mM p-HE 

Fig. 3. Graphical evaluation to dete~in~ the dissociation 
constants of the inhibitor transport system complex. In (a) 
the inhibitor is p-ABEE and in (b) the inhibitor is p-HB. 
The ghrcose concentrations are 0.5 mM (A) and 2.5 mM 
(m). [&I + [Zzf is the sum of the different concentrations 
of one inhibitor. f is a constant, calculated from 

-, rt 1s 1.2 for 0.5 mM glucose and 2.0 for 2.5 mM [S]+K?n: . 

KIFI 
glucose (for details see ref. 10). 

pnoles glucose 
ml ery.min 

n.K 

Fig. 4. Glucose efflux from erythrocytes. Erythrocytes, 
preloaded with 100 mM glucose in isotonic NaCl solution 
were preincubated for 30min at 30“ with 109 mM 
[‘4C]glucose. The main incubation was carried out for one 
minute at lo” in a medium, ~nt~~g ph~phate buffer 
at 7.5, the three inhibitors galactose (A) maltose (m), p 
HBME (A) and for comparison, dulcit (0). The glucose 
efflux (poles glucose/ml erythrocytes.min) is plotted 
against their concentrations between 1 X Kg and 8 x I&. 
(0) is the glucose efffux into a medium, consisting only of 

phosphate buffer. 
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their solubility in the octanol phase was very low; 
the decrease of concentration in the aqueous phase 
could not be detected by our method. However, 
according to their 1% values measurable partition 
coefficients should be anticipated. The estimation of 
partition coefficients of compounds ionized in the 
aqueous phase, but existing in form of ion pairs in 
the octanol phase may present difficulties [12]. 

DISCUSSION 

Table 1 shows that the esters of p-HB and p-AB 
and even the acids inhibit glucose transport in eryth- 
rocytes. Thus the inhibitory effect, observed with 
the local anesthetics, is not due to their substituted 
NH2 group adjacent to the intermediate chain. On 
the contrary: comparing the influence of procaine 
and benzocaine (the only difference being the pres- 
ence of the substituted NH2 group in the procaine 
molecule (see Table l), it is obvious that the affinity 
of benzocaine to the transport system of glucose at 
pH 7.5 is much higher than that of procaine (see Ki 
values of Table 1). However, the Ki values of pro- 
caine depend on the pH because of the substituted 
NH2 group, which can be charged or uncharged [13]. 
But even at pH 10, where the effect of procaine 
becomes maximal, its affinity is smaller (Ki = 
1.1 mM, as calculated from the equation for the 
dependence of log Ki on the pH, [13]) than that of 
benzocaine (see Table 1). Elongation of the inter- 
mediate chain from the methyl- to the butyl group 
results in an increase of inhibition of glucose trans- 
port (Table 1). Compounds with an OH group in 
para position have higher affinity to the transport 
system than compounds where the OH group is 
substituted by a NHr. If the OH group is in ortho 
position to the COOH group (as in the salicylic acid) 
the inhibitory effect is stronger than that of the p- 
HB. A similar finding was described for the inhibition 
of phosphate transport in erythrocytes [14]; the 
remainder of the molecule is supposed to become 
more lipophilic if the two hydrophilic groups (OH 
and COOH) are located nearer to each other. 

molecule. More homologous compounds would be 
required to confirm this finding. 

It is interesting that the tested compounds with 
chemical structures dissimilar to glucose, when pres- 
ent on the &-side of the erythrocyte membrane, 
inhibit the glucose uptake competitively. Their 
action does not differ from compounds similar to 
glucose as galactose and maltose [15]. However, if 
they are on the trans-side, they differently influence 
the efflux of glucose: while galactose accelerates it, 
due to a higher mobility of the carrier loaded with 
galactose (particularly at lower temperatures [16]), 
maltose (impermeable for the erythrocyte membrane 
[15]) inhibits the efflux; the investigated esters of the 
benzoic acid exert an even stronger inhibitory effect 
on glucose efflux. 

Our observations show that the potencies of the 
investigated benzoic acid derivatives (except some 
compounds with free COOH groups) correlate with 
the partition coefficients (Fig. 5) in the manner men- 
tioned by Hansch et al. [12]. 

The slope of the straight line ($a = 0.66) indicates 
that a small change of the lipophilicity of the com- 
pound leads to a great change of concentration, 
producing a 50 per cent inhibition. The high corre- 
lation coefficient (r = 0.99, explaining 99% of the 
variance in the data) points out that the inhibitory 
effect of these compounds correlates highly with 
their hydrophobicity and that the electronic and 
steric contributions are practically insignificant. 

According to these findings we suppose that the 
inhibitory effect of glucose transport by benzoic acid 
derivatives may be connected to their interaction 
with a particular portion of lipids; these are thought 
to be intimately associated with the membrane trans- 
versing integral proteins, which are considered as 
transport sites 1171. A similar suggestion was put 
forward on the activities of some membrane bound 
enzymes [lg], The mechanism of competitive inhi- 
bition of glucose uptake by structurally dissimilar 
molecules like benzoic acid derivatives or local anes- 
thetics can be explained by conformational change 
of transport sites, as shown in the schematic drawing: 

Cis-side 

iP = Integral protein 

L = Lipids 

a= Glucose (G) 

I = Benzoic-acid 
derivatives (I) 

iP L 

Tram-side 

iP L 

Scheme 1. 

By means of kinetic analysis [ll] we found out 
that all tested compounds exhibited a competitive 
inhibition. The inhibition kinetics indicate that com- 
pounds with even-numbered CHr groups in the 
intermediate chain form a complex with the transport 
system to which only one inhibitor molecule is 
bound; compounds with uneven-numbered CHr 
groups form complexes with also a second inhibitor 

According to this scheme the conformational change 
As B is caused by binding of glucose or inhibitor 
to the transport molecule (see also Krupka and 
Deves [19]). 

Binding of glucose induces a conformation of the 
transport molecule lacking affinity to the benzoic 
acid derivatives; on the other hand, binding of ben- 
zoic acid derivatives results in a conformation of the 
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T 
log P 

-I 

/* 
-2t 

Fig. 5. Relationship between the potency of some benzoic 
acid derivatives in inhibiting glucose transport and their 
cctanol-water partition coefficients P. IH1 are the inhibitor 
concentrations in mM (calculated from their Ki values), 
where the relative inhibition of glucose transport is 50% 
and the glucose concentration 0.5 mM. Symbols for the 
different derivatives: (0) p-HBBE, (0) p-ABBE, (A) 
p-HBPE, (0) p-HBEE, (w) p-ABEE, (A) p-HBME and 
(0) p-MOB. The regression line is: y = -1.03 + 0.66 x; 
the correlation coefficient r = 0.996; 3 = 0.991 (it explains 

99% of the variance in the data). 

transport molecule incapable of binding glucose 
molecules. Interaction of distant regions of one mol- 
ecule can be explained according to the conception 
of Monod et al. [20]. Binding of the first inhibitor 
molecule of some compounds @-HB, p-MOB, p- 
AB) to the transport molecule promotes binding the 
second one, as can be seen from their K,-values 
(Table 1). In this case, interaction of the first mol- 
ecule causes a conformation of the transport mol- 
ecule having no affinity to glucose (antagonistic effect 
[20]) but a stronger affinity to a second molecule of 
the inhibitor (cooperative effect). It is still a matter 

13. L. Lacko, B. Wittke and I. Lacko, Experientia 34, 26 
(1978). 

14. B. Deuticke and E. Gerlach, Klin. Wschr. 19, 977 
(1967). 

15. L. Lacko and M. Burger, Biochem. J. 83, 622 (1962). 
16. L. Lacko, B. Wittke and H. Kromphardt, Eur. J. 

Biochem. 25,447 (1972). 
17. M. Kasahara and P. C. Hinkle, Proc. natn. Acad. Sci. 

U.S.A. 73, 396 (1976). 
18. L. M. Gordon, R. D. Sauerheber, J. A. Esgate, I. 

Dipple, R. J. Marchmont and M. D. Houslay, J. biol. 
Chem. 255.4519 (1980). 

19. R. M. Krupka and R. Deves, Biochim. biophys. Acta 
598, 127 (1980). 

of conjecture whether the conformational change of 
20. J. Monod, J. Wyman and J.-P. Changeux, J. Molec. 

Biol. 12, 88 (1965). 

the transport site is brought about from the hydro- 
phobic part of the protein or the adjacent lipid entity 
of the membrane. 
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