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Bovine carbonic anhydrase B (CA) inhibitory effect of furosemide was established in two pH values at 26°. FFBu 
[N-furfuryM-chloro-S^butoxymethylsulfamoyOanthranilic acid] and FFMe [iV-furfuryl-4-chloro-5-(methoxy-
methylsulfamoyDanthranilic acid], two of its alkoxymethyl derivatives, did not exert any CA inhibitory effect at 
those conditions but were found to inhibit the CA activity after their hydrolysis, which yielded the furosemide mole
cule. The CA inhibitory effect of furosemide was utilized for determining the kinetic rate constants for the hydrolysis 
of FFBu and FFMe at various pH and temperature levels. The hydrolysis rate constants of FFBu and FFMe were 
pH-independent in the pH range tested, and the temperature dependence for FFBu yielded an activation energy of 
18 kcal/mol. It is pointed out that the hydrolysis rates of FFBu may be important for the explanation of its possible 
delayed diuretic effect. 

Furosemide , a sul fonamide diuret ic , is a p o t e n t d iure t ic 
and saluret ic agent of a deba tab le mechan i sm of act ion; 
while all au tho r s agree t h a t furosemide inhibi ts sodium 
reabsorpt ion bo th a t t he proximal convoluted site and in 
t he ascending l imb of t he loop of Henle , 2 t he re is a s t rong 
controversy abou t i ts inhib i tory effect of the carbonic an
hydrase (CA) activity.3~7 

In addi t ion to t he deba te on t he mechan i sm of act ion of 
furosemide itself, ques t ions arose concerning the mode of 
act ion of two of its active der ivat ives: 2V-furfuryl-4-chloro-
5-(butoxymethylsu l famoyl)anthrani l ic acid (FFBu) and 
N-fur fury l -4-chloro-5- (methoxymethylsu l famoyl)anthrani -
lic acid (FFM e) . B o t h derivat ives are very similar in the i r 
d iuret ic and saluret ic activit ies to furosemide, a l though 
the i r molecules contain only 80-85% of the active furosem
ide. T h e y are considered chemically as profurosemides , b u t 
the re is no evidence yet for the i r in vivo conversion. P re 
l iminary assays on T L C indica ted t h a t F F B u and F F M e 
are subs tant ia l ly s table in acidic aqueous suspens ions (n/ 
100 HC1) or s imula ted gastr ic fluid (pH 1.3) b u t decompose 
in vi tro a t p H 7.4 yielding furosemide. 8 In acid med ia only 
small a m o u n t s of F F B u are dissolved, which also decom
pose to furosemide and to 4-chloro-5-sulfamoylanthrani l ic 
acid, with an approx ima te decomposi t ion t ime of 30 min a t 
26° . 9 Since F F B u and F F M e , which have their su l fonamide 
groups blocked, were no t expected to exert significant CA 
inhibi t ion, 1 0 we decided to follow-up the CA inhibi t ion ra te 
as a p a r a m e t e r for the hydrolysis of F F B u and F F M e at 
various p H values. 

E x p e r i m e n t a l S e c t i o n 

Bovine (erythrocytes) carbonic anhydrase B, which had been 
purified according to Lindskog,11 was purchased from Seravac, En
gland. Acetazolamide (5-acetamido-l,3,4-thiadiazole-2-sulfona-
mide) was purchased from Koch-Light, England. Furosemide [N-
(2-furylmethyl)-4-chloro-5-sulfamoylanthranilic acid], FFBu, 
FFMe (B.P. 1.364-366, S. Schoenberg, and H. Yellin), 4-chloro-5-
sulfamoylanthranilic acid, and 2,4-dichloro-5-sulfamoylbenzoic 
acid were synthesized in the chemical laboratories of Teva Ltd., 
Jerusalem, Israel. 

Carbonic anhydrase activity was measured spectrophotomet-
rically from the hydrolysis rate of the substrate p-nitrophenyl ace
tate, following the appearance of the p-nitrophenolate ion at 400 
nm.12 Enzyme concentrations were estimated spectrophotometri-
cally at 280 nm assuming Ewo = 57,000 M'1 cm"1.13 

Carbonic anhydrase inhibition constants were determined by 
recording the enzymatic activity at various concentrations, thus 
making use of the following expression 

[Io]/U - V/V0) = K, • Vo/V + [Eo] (1) 

which follows directly from eq 2 and 3. 

V/Vo = [Efree]/[E0] = ([E0] - [EI])/[E0] (2) 

Ki = ([E0] - [EI]) • ([I0] - [EI])/[EI] (3) 

[Io] and [Eo] are the total concentrations of the inhibitor and the 
enzyme, respectively, [EI] is the concentration of the enzyme-in
hibitor complex, while V and Vo mark the hydrolysis rate with or 
without the inhibitor, respectively. The dissociation constant of 
the enzyme-inhibitor complex (Ki) is given by the slope of the lin
ear plot of [Io]/U - V/Vo) vs. V0/V. 

Hydrolysis ra tes of FFBu and FFMe were determined by fol
lowing up the formation of their hydrolysis product, furosemide, 
using its inhibitory capacity of CA activity. Two alternative proce
dures were utilized for these measurements, (a) Acetone solutions 
of FFBu or FFMe were added to a buffered aqueous reaction mix
ture containing enzyme and p-nitrophenyl acetate at a given pH, 
and the absorbance was recorded as a function of time. The hy
drolysis rate at any given time was obtained from the slope of the 
absorbance recording. Care was taken to ensure that no more than 
10% of the p-nitrophenyl acetate was consumed during any kinetic 
run. (b) Buffered aqueous solutions of FFBu or FFMe at various 
pH values were incubated in a thermostatic bath. Aliquots were 
taken at various time intervals and added to an enzyme activity re
action mixture, buffered at pH 7.3, and the initial phase of the en
zymatic activity was recorded. The same method was utilized for 
the temperature dependence studies. The enzymatic activity run 
was performed at one standard condition, but the FFBu solutions 
were incubated in a separate thermostatic bath, which had been 
adjusted to the required temperature. For the run which was per
formed at 37°, where the hydrolysis was too fast to be followed up 
continuously, aliquots were transferred into an ice bath at 1-min 
intervals and inhibition of the enzymatic activity was performed at 
a later time. 

In these two methods the liberated furosemide concentration 
[Io] was calculated from the following expression 

[Io] = Kj(V„/V - 1) + [E0](l - V/Vo) (4) 

which was obtained by a rearrangement of eq 1. 
While method a is a continuous process and requires no manipu

lations during the kinetic run, it requires an independent determi
nation of the inhibition constant K\ at each particular temperature 
and pH value. In method b the determination of the liberated in
hibitor can be performed in one convenient condition, and there
fore the inhibition constant has to be known only at a single specif
ic condition (pH 7.3 in our case). Method b also permits follow-up 
of the hydrolysis of FFBu and FFMe to completion, while only ini
tial hydrolysis rates are measurable in method a. 

R e s u l t s 

All our exper iments indicate t h a t while F F B u and 
F F M e , when added to the react ion mix tu re , do no t exer t an 
immed ia t e inhibi tory effect on bovine carbonic anhydrase 
activity, a p p a r e n t inhibi t ion develops gradually. I t seems 
t h a t while F F B u and F F M e have very small (if any) car
bonic anhydrase inhibi tory capaci ty {K\ > 1 X I O - 4 M ) , 
the i r hydrolysis p roduc t , furosemide, has a s t rong inhib i to
ry effect. 

Inhibi t ion cons tan t s of furosemide a t p H 6.5 a n d p H 7.3 
are given in Tab le I. It is no tewor thy t h a t the b inding ca-
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Table I. Inhibition Constant of Furosemide 
and Related Compounds at 26° 22 

Compd tested 

Furosemide0 

Furosemide6 

Acetazolamide6 

4-Chloro-5-sulfamoylanthranilic 
acid6 

2,4-Dichlor o- 5- sulf amoylbenzoic 
acid6 

Klt M 

3.4 x 10"7 

1.8 x 10"7 

2.3 x 10"8 

2.5 x 10"s 

5.8 x 10-8 

20 

16 

~ 
>° 12 
> 

[i
]/

(l
 

C
D

 

apH 6.5; piperazine iV,Af1-bis(2-ethanesulfonate) (Pipes) buffer, 
0.025 M. 6pH 7.3; tris(hydroxymethyl)aminoethane sulfate (Tris) 
buffer, 0.025 M. 

Table II. Rate Constants of the Hydrolysis of Alkoxy 
Methyl Derivatives of Furosemide at 26° 

PH 

2.0 
4.0 
6.1 
7.3 
8.1 

FFBu 

102ft, min"1 

5.0 
5.3 
6.3 
6.3 
5.3 

ti/2, min 

14 
13 
12 
11 
13 

FFMe 

102&, min"1 

5.0 
4.6 
5.0 
6.3 
5.0 

1 / 2 , min 

14 
15 
14 
12 
14 

pacity of this inhibitor is weaker only by one order of mag
nitude than that of acetazolamide. Inhibition constants 
were also measured for 4-chloro-5-sulfamoylanthranilic 
acid, which is a minor hydrolysis product, and 2,4-dichloro-
5-sulfamoylbenzoic acid, which is a precursor in the furo
semide synthesis and may appear as an impurity of furo
semide. The results are summarized in Figure 1 and Table 
I. It is noteworthy that in the plots for the determination of 
the inhibition constants (Figure 1) the y-axis intercept al
ways coincides with the enzyme concentration as expected 
according to eq 1. 

The kinetic rates for the hydrolysis of FFBu and FFMe 
are summarized in Table II, and those obtained in both 
methods a and b are described in Figures 2 and 3. Since in 
method a only initial rates were recorded, the rate con
stants may be calculated directly from the slopes of the ab-
sorbance recordings. In method b, where the reaction was 
followed up to completion, the logarithmic plot was found 
to be linear, confirming first-order reaction kinetics (Figure 
4). In this case the slope is equal to fc/2.303, where k stands 
for the hydrolysis first-order rate constant. In both meth
ods a and b, the inhibitor concentrations are calculated 
from eq 4 and thus are dependent on the specific inhibition 
constant Ki used for the calculation. The linearity obtained 
in the kinetic plots confirms that the CA inhibition is 
caused exclusively by furosemide and not by any other pos
sible minor product. 

Discussion 

Knowing that sulfanilamide and other sulfamides have 
varying degrees of CA inhibitory action,14 furosemide, hav
ing a sulfonamide moiety, was expected to have a profound 
CA inhibition. Therefore, we were attracted by a new furo
semide derivative, FFBu, whose preliminary clinical re
ports disclosed pharmacologic properties which were quali
tatively similar to those of furosemide, but with somewhat 
delayed diuretic and natriuretic effects.15 It occurred to us 
that since the delayed effect of FFBu might be attributed 

4 -

Figure 1. Linear plots for the determination of inhibition con
stants. Solutions were in 0.025 M Tris-sulfate buffer, pH 7.3, at 
26°: (a) 4-chloro-5-sulfamoylanthranilic acid; (b) furosemide; (c) 
2,4-dichloro-5-sulfamoylbenzoic acid. The points on the y axis 
(corresponding to Vo/V = 0) are the concentrations of the enzyme. 
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Figure 2. Kinetic plots for the hydrolysis reaction of FFMe ac
cording to method a (see Experimental Section). Initial concentra
tions of FFMe in the reaction mixtures were (a) 1.0 X 10-5 M; (b) 
6.7 X 10-6 M; (c) 3.3 X 10"6 M. 

to its being a profurosemide, a sensitive method which 
would accurately determine the rate of furosemide release 
might assist the elicitation of its mechanism of action and 
complement recent publication in the pharmacokinetics of 
oral administration of this drug.16 CA inhibition was found 
to be a useful in vitro method for solving both problems: 
whether furosemide is, or is not, a CA inhibitor and wheth
er FFBu and FFMe exert their (delayed) diuretic effect 
through release of furosemide, thus being profurosemides 
or rather delayed acting furosemides. Undoubtedly, meta
bolic studies with labeled furosemides would be needed to 
comfirm these findings in vivo. 

Muschaweck and Hadji found a 50% CA inhibitory con
centration of furosemide at 1 mg/ml. This nonphysiological 
value is higher in over three orders of magnitude than the 
constant reported by Stein et al.7 and confirmed by us, a 
value which has a clinical significance. This finding led the 
authors to postulate that furosemide in its diuretic concen
tration would not have CA inhibition, an assumption which 
was contradicted by Stein's7 results, not before it was in
serted in some textbooks3 and papers.5-6 The discrepancy 
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Figure 3. Semilogarithmic kinetic plots for the hydrolysis of FFBu 
according to method b (see Experimental Section) at various tem
peratures. Solutions were in 0.025 M Tris-sulfate buffer, pH 7.3. 
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Figure 4. Arrhenius plot for the hydrolysis rate constant of FFBu. 

between the two remote inhibitory concentrations may be 
due to either the source of purity of the carbonic anhydrase 
used or to aspects of methodology. 

We have found that the hydrolysis of both FFMe and 
FFBu is almost pH independent in the pH range studied 
(see Table II) and may get hydrolyzed in both acidic and 
alkaline solutions. These results are in general agreement 
with values obtained for the decomposition rate of FFBu in 
blood in vitro, as determined by TLC; FFBu was hydro
lyzed by normal full blood (pH 7.4) in vitro to furosemide, 
at a rate depending on the temperature, ranging from hy
drolysis time of 10 min at 37° to 30 min at 150 .8 However, 
the low content of furosemide moiety found in acidic pH 
values is probably due to its low solubility in that medium; 
at pH 1.3 only 2.1 mg in 100 ml of furosemide is solubilized 
during 24 hr, as compared to 9.6 or 31.0 mg/100 ml for 
FFBu and FFMe, respectively. At blood pH (7.4) the solu
bilities are much higher.9 

The present method for the assay of the liberated furo
semide can be extended and utilized for measuring hydrol
ysis rates of other sulfamoyl-substituted sulfonamide 
drugs. It also provides us with a very sensitive method at 
concentrations down to 10 - 7 M for the determination of 
various other sulfonamides. Our data on the hydrolysis 
rates of FFBu and FFMe may be used to explain the possi
ble in vivo delayed diuretic effect reported by Licht et al.15 

Moreover, the solubilities of furosemide, FFBu, and FFMe 
during 2 hr in the simulated gastric fluid (pH 1.3) at 37° 
are 1.2-3.8 mg/100 ml,9 and therefore the maximal possible 
soluble quantities of these drugs in the stomach are small, 
thus indicating that most of the drug enters the blood 
stream by a passive diffusion process, where the solubility 
of FFBu is the lowest of the three compounds, and there
fore may account for its proposed delayed onset of action. 

Acknowledgment. The authors are grateful to Mrs. 

Clara Schoenberger, of the Chemistry Research Depart
ment of Teva Ltd., for making furosemide and its deriva
tives available for this study and to Professor Nathan Back 
from the State University of New York at Buffalo for his 
valuable remarks. 

References and Notes 

(1) (a) Tel-Aviv University; (b) The Hebrew University of Jeru
salem; (c) "Teva" Pharmaceutical Industries. 

(2) B. M. Brenner, R. I. Keimowitz, F. S. Wright, and R. W. Ber
liner, J. Clin. Invest., 48, 290 (1969). 

(3) L. S. Goodman and A. Gilman, Ed., "The Pharmacological 
Basis of Therapeutics", 4th ed, Macmillan, New York, N.Y., 
1970; (b) J. C. Krantz and C. J. Carr, Ed., "The Pharmacolog
ic Principles of Medical Practice", 7th ed, Williams and Wilk-
ins, Baltimore, Md., 1969. 

(4) R. Muschaweck and S. Hadju, Arzneim.-Forsch., 14, 44 
(1964). 

(5) D. E. Hutcheon, D. Mehta, and A. Romano, Arch. Intern. 
Med., 115,542(1965). 

(6) H. Schnack, Wien. Klin. Wochenschr., 26, 476 (1964). 
(7) J. H. Stein, C. B. Wilson, and W. M. Kirkendall, J. Lab. Clin. 

Med., 71,654(1968). 
(8) H. Yellin and S. Cherkez, preliminary report on the stability 

of FFBu in blood in vitro, "Assia" Pure Research Dept, Re
port No. 1, Dec 1972 (private communication). 

(9) H. Yellin and S. Cherkez, stability and solubility of FFMe 
and FFBu in aqueous media, "Assia" Pure Research Dept., 
Report No. 7, May 1973 (private communication). 

(10) T. H. Maren, Physiol. Rev., 47,595 (1967). 
(11) S. Lindskog, Biochim. Biophys. Acta, 39, 218 (1960). 
(12) J. M. Armstrong, D. V. Myers, J. A. Verpoorke, and J. T. Ed-

sall, J. Biol. Chem., 241,5137 (1966). 
(13) P. O. Nyman and S. Lindskog, Biochim. Biophys. Acta, 85, 

171 (1964). 
(14) T. Mann and D. Keilin, Nature (London), 146,164 (1940). 
(15) A. Licht, M. Levy, L. Schindel, and M. Eliakim, Curr. Ther. 

Res., Clin. Exp., 15, 713 (1973). 
(16) M. R. Kelley, R. E. Cutler, A. W. Forrey, and B. M. Kimpel, 

Clin. Pharmacol. Ther., 15,178 (1974). 


