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A considerable body of evidence supports the
view that the bicarbonate diuresis produced by
acetazolamide (Diamox®) results from inhibition
of carbonic anhydrase activity in renal tubular
cells (1-3). In a preliminary study (4), it was
found that this diuresis was reduced if metabolic
acidosis was induced prior to the administration
of the drug. This phenomenon has subsequently
been observed repeatedly in clinical and experi-
mental studies (5-8). It is now well known that
patients with metabolic acidosis do not respond to
acetazolamide and that the acidosis resulting from
the administration of acetazolamide is an im-
portant factor in the development of resistance to
continued treatment with this drug (9-11).

Some workers have found an apparent threshold
for acetazolamide activity at plasma bicarbonate
levels of approximately 16 mEq. per L. (6). At
levels below this threshold, oral administration of
acetazolamide is said to have no effect. Other
studies have reported marked reduction of aceta-
zolamide action in metabolic acidosis but no ab-
solute threshold (5).

The explanations given for the reduction in re-
sponse during metabolic acidosis are that a) a
certain portion of the bicarbonate reabsorptive
process in the renal tubule is normally not de-
pendent on carbonic anhydrase activity, or that b)
the importance of the enzyme in the reabsorptive
process is in some way reduced by metabolic
acidosis.

1 Supported in part by grants from the National Heart
Institute, National Institutes of Health, United States
Public Health Service, and the American Heart As-
sociation.

2 This work was done during the tenure of an Estab-
lished Investigatorship of the American Heart Association.

8 This work was done during the tenure of a Lederle
Travelling Fellowship.

In the present experiments the action of aceta-
zolamide in dogs was studied at several dose levels
and during varying degrees of metabolic acidosis.
With each of the doses separate but similar curves
were obtained demonstrating a diminishing effect
of the drug on the reabsorptive process as plasma
bicarbonate concentration was reduced. The two -
larger doses of acetazolamide reduced reabsorptive
rates significantly even at the lowest plasma levels
studied, thus suggesting that carbonic anhydrase
activity is involved in the reabsorption of most,
if not all, of the filtered bicarbonate. An attempt
has been made to explain these findings in the
light of classical Michaelis-Menten enzyme kinetics.

MATERIAL AND METHODS

Sixty-three experiments were performed on 47 fe-
male mongrel dogs weighing from 9 to 15 Kg. Light
general anesthesia was obtained by intravenous adminis-
tration of morphine or sodium pentobarbital. Metabolic
acidosis and the desired plasma levels of bicarbonate (5
to 22 mEq. per L.) were achieved by infusion of ap-
propriate amounts of HCl or by oral administration of
NH,Cl. This was followed by continuous infusion of
isotonic NaCl at a steady rate of 6.5 to 10 ml. per min-
ute through a Bowman infusion pump.

Urine was collected under neutral mineral oil through
an inlying bladder catheter and the bladder was emptied
by manual compression at the end of each collection
period.

The clearance of exogenous creatinine was used as a
measure of glomerular filtration rate. Plasma and urine
were analyzed for creatinine by a modification of the
method of Bonsnes and Taussky- (12) and for total CO,
content by the manometric method of Van Slyke. Blood
and urine pH were determined anaerobically at room
temperature in a syringe-type Cambridge pH meter and
corrected to 37° C. (using a correction factor of 0.01
units per degree C.). Carbon dioxide tension in urine
and blood was calculated from the Henderson-Hassel-
balch equation, using a value of 6.1 for the pK, and a value
for a in blood of 0.0301 and in urine of 0.0309. Bicar-
bonate concentration was calculated as the difference be-
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TABLE I

Comparative effects of 1 mg., 5 mg., and 20 mg. per Kg. of acetazolamide on bicarbonate excretion and reabsorption
at similar plasma bicarbonate concentrations *

Urine
HCOs
Plasma reabs.
HCO; HCOs mEq./100 ml.
Time pCO: HCO;3 filt. excret. glomerular GFRY
min. mm.Hg mEq./L. pH nEq./min. wEq./min. filtrate ml./min.
Dog No. 165 Constant infusion of saline and creatinine
0-10 40 13.9 5.07 1.357 1 1.46 93
10-20 40 14.3 5.07 1,470 1 1.50 98
20-22 Acetazolamide I.V. 20 mg./Kg.
23-33 33 13.4 7.29 1,142 503 0.79 81
3343 32 13.0 7.29 1,055 434 0.81 77
Dog No. 224 Constant infusion of saline and creatinine
0-10 44 14.6 5.61 704 2 1.53 46
10-20 45 14.6 5.70 689 2 1.53 45
20-22 Acetazolamide I.V. 5 mg./Kg.
23-31 37 14.2 7.25 581 133 1.15 39
31-39 37 13.8 7.17 595 116 1.17 41
Dog No. 190 Constant infusion of saline and creatinine
0-10 38 13.9 6.52 1,153 26 1.43 79
10-20 39 14.0 6.57 1,176 27 1.44 80
20-22 Acetazolamide I.V. 1 mg./Kg.
23-31 39 14.1 7.22 1,169 172 1.26 79
31-39 38 13.8 7.09 1,117 111 1.31 77
* A Donnan factor of 1.05 was used in calculating filtered load.
t Glomerular filtration rate.
TABLE II
Effects of 20 mg. and 5 mg. per Kg. of acetazolamide on bicarbonate excretion and reabsorption at
low plasma bicarbonate concentrations *
Urine
HCOs
Plasma reabs.
HCOs HCOs mEq./100 ml.
Time pCO:2 HCO,; filt. excret. glomerular GFRt
min. mm. Hg mEq./L. pH nEq./min. nEq./min. filtrate ml./min.
Dog No. 233 Constant infusion of saline and creatinine
0-10 33 71 5.18 368 1 0.75 49
10-20 34 7.6 5.39 344 1 0.80 43
20-21 Acetazolamide I.V. 20 mg./Kg.
22-30 34 7.7 6.67 429 79 0.66 53
30-38 36 79 6.58 382 61 0.70 46
Dog No. 164 Constant infusion of saline and creatinine
0-10 33 10.2 6.04 717 16 1.05 67
10-20 33 10.2 6.07 717 13 1.05 67
20-22 Acetazolamide I.V. 20 mg./Kg.
23-33 27 9.1 6.97 566 222 0.58 59
3343 28 9.3 6.94 608 182 0.69 62
Dog No. 223 Constant infusion of saline and creatinine
0-10 30 9.7 5.82 755 3 1.02 74
10-20 30 10.5 5.84 781 3 1.10 71
20-22 Acetazolamide I.V. 5 mg./Kg.
23-31 29 10.4 7.31 730 141 0.88 67
31-39 31 10.3 7.14 691 105 0.92 64

* A Donnan factor of 1.05 was used in calculating filtered load.
t Glomerular filtration rate.
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tween the total CO, content and the dissolved carbon
dioxide. Filtered bicarbonate was taken as the product
of the filtration rate and the plasma bicarbonate concen-
tration, corrected for a Donnan factor of 1.05.

Following at least two control periods of 8 to 10 min-
utes each, the acetazolamide was injected intravenously
over a period of one to two minutes. One minute after
the end of the injection, two or three more urine periods
of 6 to 10 minutes each were obtained. Three dosages
of acetazolamide were used: one mg. per Kg. of body
weight, 5 mg. per Kg., and 20 to 40 mg. per Kg. Since
no difference of action was observed between 20 mg. per
Kg. and 40 mg. per Kg., this dosage range was assumed
to achieve virtually the same degree of carbonic anhy-
drase inhibition. The acetazolamide solution was pre-
pared by adding the powder to approximately 20 ml. of
distilled water containing approximately 0.7 to 0.8 mEq.
of alkali per 100 mg. of drug.

RESULTS

In every experiment with doses of 5 or 20 to
40 mg. per Kg., acetazolamide produced a definite
increase in bicarbonate excretion. The magnitude
of this effect diminished with increasing metabolic
acidosis, but remained significant even at the low-
est plasma bicarbonate levels. On the other hand,
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FOLLOWING ADMINISTRATION OF INTRAVENOUS ACETAZOL-
AMIDE 1 M. PER KG.

Each point represents one experiment. The heavy line
was drawn through the experimental points by inspec-
tion. The thin line bisecting the graph represents the
control reabsorption. In this and all subsequent figures
the plasma levels have been corrected by a Donnan factor
of 1.05.
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See Figure 1 for details.

at any given plasma concentration, the higher the
dosage of the drug the greater was the response.
With 1 mg. per Kg. a significant effect on bi-
carbonate excretion was observed at the higher
plasma bicarbonate levels, but below 12 mEq. per
L. the effects were negligible. Table I compares
the effect of 20 mg., 5 mg., and 1 mg. per Kg. of
acetazolamide on bicarbonate excretion and reab-
sorption at a plasma bicarbonate level of ap-
proximately 14 mEq. per L. It is apparent that
the effect on bicarbonate reabsorption increased
with the dose. That an effect could be clearly
demonstrated even at low plasma levels is illus-
trated by Table II, which summarizes the results
of three experiments at plasma bicarbonate levels
of 8 to 10 mEq. per L. In the first two experi-
ments, a dose of 20 mg. per Kg. was used; in the
other experiment, the dose was 5 mg. per Kg. It
is clear that the administration of the drug was
followed in each instance by a definite effect on
both excretion and reabsorption.

The relationship between the plasma bicarbo-
nate level and the action of different doses of
acetazolamide on bicarbonate reabsorption is sum-
marized by Figures 1 to 3, which include all the
experiments. On the abscissa of each graph is
plotted plasma bicarbonate concentration and on
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the ordinate is the minimum bicarbonate reabsorp-
tion following acetazolamide injection, expressed
as milliequivalents of bicarbonate per 100 milli-
liters of glomerular filtrate.* This minimum reab-
sorption usually occurred in the first collection pe-
riod following the injection. The curves have
been drawn through the points by inspection. The
thin straight line bisecting each plot indicates
reabsorption during the control period, when there
is essentially complete removal of the filtered bi-
carbonate, Thus the vertical distance between
this line and each experimental point represents
the magnitude of acetazolamide effect at each
plasma level.

The first fact apparent from these curves is
that acetazolamide action diminishes as the plasma
bicarbonate level is reduced.

A second fact is that the different dosages of
acetazolamide produce different curves of similar
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Fi16. 3. ReLATIONSHIP BETWEEN BICARBONATE REAB-
SORPTION AND PrLASMA BICARBONATE CONCENTRATION
FoLLOWING ADMINISTRATION OF INTRAVENOUS ACETAZOL-
AMIDE 20 10 40 MG. PER KG.

See Figure 1 for details.

4 Correction of the reabsorption rates to a standard
glomerular filtration rate is assumed to correct for differ-
ences in renal mass between different animals. In indi-
vidual animals the changes in glomerular filtration rate
following the injection of acetazolamide were usually
negligible. The mean per cent change from the average
control rate, without regard to sign, was 7.9 = 5.5, 8.0 %
6.1, and 8.5 =8.0 for the 1, 5, and 20 to 40 mg. experi-
ments, respectively.
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The heavy lines from Figures 1 to 3 are plotted to-
gether on this graph.

shape. This is illustrated by Figure 4 which
compares the action of 1 mg., 5 mg., and 20 to 40
mg. of acetazolamide per Kg. of body weight on
bicarbonate reabsorption.

It can also be seen that at plasma bicarbonate
levels below 12 mEq. per L., 1 mg. per Kg. seems
to have no significant effect on reabsorption.

Plasma pCO, was generally lower during se-
vere acidosis, but respiratory compensation was
negligible except with very severe acidosis, prob-
ably because of the anesthesia. Figure 5 shows
the scatter of the plasma pCO, values in relation
to plasma bicarhonate levels. There is a slight
tendency for the pCO, values to fall with increas-
ing acidosis, but this trend produces appreciable
reductions in pCO, only at plasma bicarbonate
levels below 12 mEq. per L. At each plasma bi-
carbonate level there is a wide and apparently
random scatter of pCO, values with respect to
acetazolamide dosage. No significant changes in
plasma pCO, were produced by administration of
acetazolamide.

DISCUSSION

The data summarized in Figure 4 show that
with three different doses of acetazolamide and
over a wide range of plasma bicarbonate concen-



748

s2|-
48| . °
4aa |- o .
40| o
36— *° oo:.v ° .
pCO2 32— o % e v
mm.He 28| .* ve °
24— v

20—

e 20-40 mg. DIAMOX Ber Kg.of body wt.
12 }— o 5 mg. " “
v 1 mg. " "

| I IR SN NN SN M M N S T
2 4 6 8 10 12 14 16 18 20 22 24

PLASMA HCO3 CONC.
mEq. /L.

F16. 5. REeLATIONSHIP BETWEEN PrAsmMa CO, TEN-
SION AND BICARBONATE CONCENTRATION FOR ALL Ex-
PERIMENTS

Each point represents one experiment.

tration there is a progressively greater inhibitory
effect on bicarbonate reabsorption. With doses of
5 and 20 to 40 mg. per Kg. acetazolamide sig-
nificantly affects bicarbonate reabsorption even at
plasma bicarbonate levels as low as 5 to 10 mEq.
per L. The effect of 1 mg. per Kg. becomes
negligible at a bicarbonate concentration of about
12 mEq. per L. If the only action of acetazol-
amide, at the doses used, is to partially inhibit
carbonic anhydrase activity, it would seem to fol-
low from these observations that carbonic anhy-
drase is normally involved in the reabsorptive
mechanism for most of the filtered bicarbonate.
Stated differently, it would appear that there can
be only a small fraction of the filtered bicarbonate
which is reabsorbed without the participation of
the enzyme. If the above considerations are valid
then the reabsorptive rates shown in Figures 1 to
4 would seem to be a function of residual enzyme
activity after partial inhibition by acetazolamide.

No obvious explanation of the relationship be-
tween plasma bicarbonate concentration and bi-
carbonate reabsorption is at hand, but a tenta-
tive hypothesis may be offered. Assuming that the
reabsorption of bicarbonate after administration of
acetazolamide is dependent on enzyme activity,

WILLIAM B. SCHWARTZ, ADRIEN FALBRIARD, AND ARNOLD S. RELMAN

then the fact that three different curves are ob-
tained with three different doses of inhibitor would
suggest that in each instance the enzymatic reac-
tion is the rate-limiting step in the overall process
leading to bicarbonate reabsorption. If this were
so, classical Michaelis-Menten enzyme kinetics
might provide an approximate overall description
of the reabsorptive process. To test the applica-
bility of the Michaelis-Menten analysis in this situ-
ation, however, it is necessary to make several
assumptions which would permit the use of the
available data as terms in the kinetic equation.
It is recognized that the validity of these assump-
tions may be questioned, but it is considered of in-
terest to determine whether a unifying theory
might be derived which could provide an adequate
explanation for the data. For this purpose the
following assumptions were made:

1. The bicarbonate in the tubular fluid is con-
sidered to be in effect the substrate for the enzyme.
This could be true even if the actual substrate
were some other intermediate compound formed
in a series of rapid reactions leading to the re-
moval of bicarbonate from the filtrate, because
the concentration of this substrate could be some
direct linear function of the bicarbonate concen-
tration in the tubular fluid.

2. Because of the constant supply of substrate
from the filtrate and the constant rapid removal
of the reaction products, it is assumed that at any
given point along the tubule there is no change
in the concentration of the enzyme-substrate com-
plex from moment to moment. The concentration
of this complex determines the reaction velocity,
and it would therefore follow that the observed
reabsorption rates represent a steady-state con-
dition.

3. In this application of the Michaelis-Menten
analysis to the tubule as a whole, it has been as-
sumed, finally, that the filtrate bicarbonate con-
centration is equal to, or is some direct and con-
stant function of, the mean tubular bicarbonate
concentration for the overall reabsorptive process.®

5 One mechanism which might nearly satisfy the con-
ditions of this assumption is suggested by micropuncture
studies in Necturus. These indicate that the bicarbonate
concentration remains constant throughout the proximal
tubule (13). In the dog, this would mean that at least
80 per cent of the reabsorptive process occurs at a con-
stant concentration. Obviously, if the urine is alkalinized
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In the replotting of the experimental data, the
Lineweaver-Burk modification of the Michaelis-
Menten equation was used :

Vmax § . .
1) v= K. +s (Michaelis-Menten)
1 1 Kn .
2) vV + Voo (1/s) (Lineweaver-Burk),
where

v = The steady-state velocity of the reac-
tion (bicarbonate reabsorption per 100
ml. glomerular filtrate)

s = The substrate concentration (bicarbo-
nate concentration per 100 ml. of fil-
trate)

Vmax = The maximum velocity of the reaction
(a constant for any given amount of
enzyme)

K. = The Michaelis constant for the en-
zyme, which has the dimension of a
concentration.

Figure 6 shows the experimental data replotted
according to equation 2) with 1/v as the ordinate
and 1/s as the abscissa. In this figure the six
lowest points with 1 mg. per Kg. are omitted,
since (Figure 1) they do not differ significantly
from the straight line representing complete reab-
sorption, and since Michaelis-Menten kinetics only
apply to situations in which enzyme is rate-limit-
ing. With only 1 mg. per Kg. of inhibitor there
apparently is enough residual enzyme activity to
make the substrate the limiting factor when bicar-
bonate concentration drops below 10 to 12 mEq.
per L.

The regression equations for the three lines in-
dicated on the figure were calculated by the method
of least squares. For 1 mg. per Kg. the equation
is: y=0.26 +0.74x (r=091); for 5 mg. per
Kg. it is: y =0.32 4+ 0.85x (r = 0.98); and for
20 to 40 mg. per Kg., y =033 + 1.14x (r=
0.98). Itis apparent that each set of experimental
points closely fits the straight line predicted by
equation 2). The slope of the lines increases with
the dose of inhibitor used. This type of plot, with

or acidified in the distal fifth of the tubule, this would
result in some discrepancy between the filtrate concen-
tration and the actual mean. For the purpose of this
analysis, it is assumed that any such discrepancy would
not be critical.
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The lines through each of the three sets of data were
calculated by the method of least squares.

increasing doses of acetazolamide yielding distinct
straight lines of increasing slope, is characteristic
of the effect of an enzyme inhibitor on the rate of
an enzyme-limited process.

Intersection of the lines on the abscissa is char-
acteristic of noncompetitive inhibition, while in-
tersection on the ordinate is typical of competitive
inhibition. In Figure 6 it is apparent that the
three intercepts on both axes are so close together
that it is impossible to distinguish between these
two types of inhibition. Recent in witro studies
indicate that sulfanilamide is a noncompetitive in-
hibitor of carbonic anhydrase (14), but the pres-
ent data do not permit any firm conclusion about
the exact type of inhibition produced by acetazol-
amide in vivo.

Different values of Vp,y for the uninhibited sys-
tem can be calculated from the present data, de-
pending upon the type of inhibition assumed.
The calculation is made below for both types:

In noncompetitive inhibition, Ky, is unaffected
by the presence of the inhibitor, but Viy,.y is de-
creased by a factor which is proportional to the
concentration of the inhibitor. The Lineweaver-
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Burk equation for this type of inhibition is:

1 I 1 Kn 1
D= () (vt ves):
where I = Concentration of inhibitor, K; = Dis-
sociation constant for the enzyme-inhibitor com-
plex.

In equation 3, the intercept on the 1/s axis is
—1/Kn,. Estimated from Figure 6, K, has a
value of approximately 2.9 mEq. per 100 ml.

From this value of Ky, it is possible to obtain
a minimum estimate of the in vivo V., for the
uninhibited enzyme, since K, is the concentra-
tion of substrate at which v equals Vy,x/2. At
29 mEq. per L., or for that matter at all plasma
levels above 25 mEq. per L., the normal reab-
sorptive rate is approximately 2.5 mEq. per minute
per 100 ml. glomerular filtrate (1). It follows
that the value of Vp,x for the uninhibted enzyme
in vivo would be at least 5.0 mEq. per 100 ml.
glomerular filtrate,

On the other hand, if Figure 6 is interpreted
as indicating competitive inhibition, Vy,ax can be
calculated from the Lineweaver-Burk equation for
this type of inhibition:

1 1<Km+KL(Q)i+1

4) ; - Vmax Ki (S) Vmax :

Estimated as the reciprocal of the intercept
on the y axis, the mean value of Vp,y calculated
from the regression equations of Figure 6 would
thus be 3.4 mEq. per 100 ml. glomerular filtrate.

Assuming either type of inhibition, the data
thus suggest that the normal maximal rate of bi-
carbonate reabsorption of approximately 2.5
mEq. per 100 ml. glomerular filtrate is less than
the maximal rate at which the carbonic anhydrase
reaction could proceed. It is, therefore, tentatively
proposed that the kinetic limitations of this enzyme
are not responsible for the establishment of the
normal bicarbonate threshold.

The data are consistent with the hypothesis that
at plasma bicarbonate levels below the usual thresh-
old, partial inhibition of carbonic anhydrase makes
enzyme activity the rate-limiting step in the
process of bicarbonate reabsorption. Under these
conditions the overall process of reabsorption ap-
pears to follow the Michaelis-Menten relationship
in a consistent fashion. It is evident that normally,
in the absence of an inhibitor, the reabsorptive

WILLIAM B. SCHWARTZ, -ADRIEN FALBRIARD, AND ARNOLD S. RELMAN

process is virtually complete at all plasma levels
below 25 mEq. per L. In other words, substrate
presentation (filtered bicarbonate) and the velocity
of the reaction (bicarbonate reabsorption) bear
a linear relationship to each other at subthreshold
levels. This would suggest that in the absence of
an inhibitor the enzymatic reaction is not the
rate-limiting step. Some other process, in all like-
lihood the filtration of bicarbonate, probably limits
the rate of presentation of substrate to the enzyme.

While the behavior of the system under study
apparently can be described in terms of enzyme
kinetics, it is obvious that many other factors
might influence it. Changes in cellular potassium
content as well as marked alterations in pCO, are
known to affect bicarbonate reabsorption. The
mechanisms through which these influences oper-
ate are not clarified by this study, but the present
observations may provide a reasonable framework
for further investigations of these problems.

SUMMARY

The effects on renal bicarbonate reabsorption
of 1, 5, and 20 to 40 mg. per Kg. of acetazolamide
have been studied in acidotic dogs whose plasma
bicarbonate concentrations ranged from 5 to 22
mEq. per L. With each of the doses separate but

" similar curves were obtained demonstrating a

diminishing effect of the drug on the reabsorptive
process as plasma bicarbonate concentration was
reduced. The two larger doses of acetazolamide
reduced reabsorptive rates significantly even at
the lowest plasma levels studied, thus suggesting
that carbonic anhydrase activity is involved in the
reabsorption of most, if not all, of the filtered bi-
carbonate. An attempt has been made to explain
these findings in the light of classical Michaelis-
Menten enzyme kinetics.
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