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serum Na concentration in the group with hyponatremia
(serum Na < 135 mEq/L) increased from baseline to short-
term time-point [N= 18; 132 + 2.9 mEq/L (range 124 - 135
mEq/L) to 134 £ 3.2 mEq/L (range 128-141 mEq/L), P=0.01],
and from baseline to long-term time-point [N=21; 131+ 4.1
mEq/L (range 120-135 mEq/L) to 136 + 5.7 mEq/L (range
128-153 mEq/L), P= 0.0007]. Contrary, serum Na concen-
tration in the group with normonatremia (serum Na>135
mEqg/L) did not change from baseline to short-term time-
point [N= 13; 141 + 3.1 mEq/L (range 137-147 mEq/L) to
140 + 3.1 mEqg/L (range 137-147 mEq/L), P= 0.2], or from
baseline to long-term time-point [N=18; 141 + 2.4 mEq/L
(range 137-145 mEq/L)] to 141 + 1.7 mEq/L (range 138-144
mEq/L), P= 0.77]. In conclusion, acetazolamide has favor-
able effects on correction of hyponatremia, suggesting that
acetazolamide could be an alternative diuretic to vasopres-
sin antagonists in some cardiovascular patients.
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Introduction

Recent studies demonstrated that chloride is a key electro-
lyte regulating plasma volume during worsening Heart Failure
(HF) [1] and its recovery following treatment with conventional
diuretics [2], leading to the “chloride theory” for HF pathophysi-
ology [3,4] and a diuretic strategy based on modulating the se-
rum chloride concentration in decompensated HF patients [2,4].
According to the “chloride theory” for HF pathophysiology [4],
manipulation of the serum chloride concentration using the car-
bonic anhydrase inhibitor acetazolamide could be an attractive
HF treatment, as described in recent reports [5,6]. My experi-
ences described in recent case report [7] revealed the potential
of the classic diuretic acetazolamide to correct hyponatremia.
Except for a few early case presentations [8,9] describing such a
phenomenon, few studies have evaluated the effects of aceta-
zolamide on hyponatremia. The present study, therefore, aimed
to clarify the short- and long-term effects of acetazolamide on
changes in the serum sodium (Na) concentration, particularly
hyponatremia, in cardiovascular patients.

Materials and methods
Study design

This retrospective single-center observational study ana-
lyzed clinical data derived from an intentional study to inves-
tigate the effects of acetazolamide (Diamox) on the serum
chloride concentration and other hematologic values in cardio-
vascular patients over short- and long-term time periods. The
total study period was from February 2016 to October 2018,
during which Diamox was prescribed and its efficacy to treat
acutely decompensated HF patients or correct low serum chlo-
ride concentrations (<100 mEq/L) in stable cardiovascular pa-
tients was evaluated. The ethics committee at Nishida Hospital
approved the study protocol.

Study patients

Among 95 cardiovascular patients, after excluding 52 pa-
tients with replacement/combined usage of Diamox as well as
other diuretic(s), the present study retrospectively examined 43
consecutive patients for whom Diamox was added as de-novo/
add-on decongestion therapy in acutely worsening HF patients
or as modification therapy for a low serum chloride concen-
tration (<100 mEg/L) in stable cardiovascular patients with or
without chronic HF. In the 43 patients enrolled in the present
investigation, background use of diuretics other than Diamox
was absent (de-novo use of Diamox) or continued at a constant
dosage (add-on use of Diamox) at least seven days before the
initiation of Diamox and throughout the period of evaluation of
Diamox treatment to short- (<10 days) or long-term (~60 days)
time-points.

Treatment protocol and data collection

In acutely decompensated HF patients, HF-related physical
sign(s), body weight, and serum b-type natriuretic peptide lev-
els were checked at the initial presentation and at appropriate
intervals during the study period. Worsening HF was deter-
mined based on the appearance of at least one of the follow-
ing HF-related signs during follow-up, whether or not changes
in symptoms occurred: physical signs of congestion (peripheral
edema, pulmonary crackles, the third heart sound) and/or pleu-
ral effusion on ultrasound [2]. At the follow-up examination, re-
sponse to Diamox treatment for worsening HF was determined
by weight reduction and resolution of HF-related signs.

A low-dose of Diamox (250-750 mg/d) was prescribed for
each patient once or twice a day. The dose of Diamox was
titrated up or down at my discretion based on blood test results
and the patient’s condition including HF status, if present, pe-
ripheral hematologic tests were performed at baseline, and at
short- (€10 days) and long-term (~60 days) time-points. If mul-
tiple examinations were performed during the study period,
the latest available examination at the end of each time-point
was selected for analysis.

Hyponatremia and hypochloremia were defined as a serum
Na concentration of <135 mEq/L [10] and a serum chloride con-
centration of <96 mEqg/L [11,12] respectively.

Statistical analysis

All statistical analyses were performed using commercially
available statistical software GraphPad Prism 4 (San Diego, CA).
All data are expressed as a mean * SD for continuous data and
percentage for categorical data. Paired and unpaired t tests
for continuous data and Fisher’s exact test for categorical data
were used for two-group comparisons. Correlations between
two parameters were analyzed using Pearson’s correlation, and
demonstrated using scatter plots. All tests were 2-tailed, and P
value < 0.05 was considered statistically significant.

Results

The clinical characteristics of the 43 patients at study entry
are shown in Table 1. Mean patient age was 84.8 + 7.8 years,
and 35% were male. The primary cause of cardiovascular dis-
ease varied, with mean left ventricular ejection fraction in 58.4
+ 14.0%, and atrial fibrillation in 15 (35%) patients. Details of
Diamox treatment for study patients are presented in Table 2.
Diamox was prescribed for treatment of acutely decompensat-
ed HF in 21 study patients (de-novo usage in 2), and for modifi-
cation of low serum chloride concentration in 22 study patients
(de-novo usage in 7). The daily dose of Diamox was greater for
the patients treated for acute HF than for patients treated to
modify hypochloremia (363 + 158 mg/d vs 239 + 101 mg/d, P=
0.0036).

In acutely decompensated HF patients, Diamox treatment
for 27 + 14 days (range, 7 - 60 days) resolved the HF-related
signs (1) and/or body weight reduction (21kg) in 17 of 21 pa-
tients (81%). Body weight (n = 17) decreased from 45.2 + 10.3
kg at baseline to 43.3 + 10.3 kg after treatment (P < 0.0001)
with a mean reduction of -1.89 + 1.39 kg (range, -4.7 to 0.7
kg). Serum BNP levels decreased in 17 of 19 patients (89%) af-
ter treatment; the serum log BNP level (n= 19) decreased from
2.40 £ 0.29 pg/mL at baseline to 2.13 + 0.40 pg/mL after treat-
ment (P= 0.0004), with a mean reduction of -0.26 * 0.27 pg/
mL. Among cardiovascular patients assigned to the modifica-
tion treatment, body weight did not change in a total of mea-
sured 17 patients (from 48.7 + 9.90 kg at baseline to 48.2 + 9.42
kg after treatment [P= 0.16] with a mean reduction of -0.51 +
1.41 kg; range, -3.0 to 1.7 kg) after Diamox treatment for 32.5 +
15.4 days (range, 10 - 57 days), though weight reduction =1kg
(range, -1kg to -3kg) was observed in 5 patients.

Changes in blood test values during the short- and long-
term periods in all 43 patients are shown in Table 3. Compared
with the baseline levels, the serum chloride concentration in-
creased in the short- and long-term observation periods. The
serum potassium concentration constantly decreased through-
out both the short- and long-term study periods. The blood
urea nitrogen, serum creatinine, and uric acid concentrations
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did not change during the study period.

The mean serum Na concentration in the overall patients
after acetazolamide treatment did not change during the short-
term observational period, and only slightly increased during
the long-term observation period (Table 3), but the changes
were heterogeneously and widely distributed as shown in Fig-
ure 1. Namely, the amount of change in the serum Na concen-
tration during the short-term period (n=31; mean=0.90 + 3.23,
range, -3 to +9; Figure 1, left panel) was randomly distributed
and the change in the serum Na concentration was equal to 0
in 4 patients (13%), greater than 0 in 16 (52%), and less than 0
in 11 (35%). During the long-term period (n= 39; 2.51 + 4.62;
range -5 to +19; Figure 1, right panel), the amount of change
in the Na concentration became more normally, but still widely
distributed, and the change was equal to 0 in 7 patients (18%),
greater than 0in 27 (69%), and less than 0 in 5 patients (13%).

In all 43 patients, the increase in the serum Na concentration
correlated positively with the increase in the serum chloride
concentration from baseline at both short- (n= 31; R?= 0.257,
P=0.0036; Figure 2, left panel) and long-term time-points (n
= 39; R?=0.634, P < 0.0001; Figure 2, right panel) after Diamox
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Changes in serum sodium concentration

a) Short-term from baseline

treatment. Changes in the serum Na concentration correlated
negatively with the baseline serum Na concentration at both
short- (n= 31; R?= 0.356, P= 0.0004; Figure 3, left panel) and
long-term time-points (n = 39; R*= 0.321, P= 0.0002; Figure 3,
right panel).

Blood test values after Diamox treatment were compared
between the different baseline serum Na concentrations (Table
4). When divided into two groups, the serum Na concentration
in the group with hyponatremia (serum Na < 135 mEq/L) sig-
nificantly increased from baseline to short-term time-points [n
=18; from 132 + 2.9 mEq/L (range 124-135 mEq/L) to 134 £ 3.2
mEq/L (range 128-141 mEq/L), P= 0.01], and from baseline to
the long-term time-points [n= 21; from 131 + 4.1 mEq/L (range
120-135 mEq/L) to 136 + 5.7 mEq/L (range 128-153 mEq/L), P=
0.0007]. In contrast, the serum Na concentration in the group
with normonatremia (serum Na > 135 mEq/L) did not change
from baseline to the short-term time-point [n= 13; from 141 +
3.1 mEg/L (range 137-147 mEq/L) to 140 £ 3.1 mEg/L (range
137-147 mEq/L), P = 0.2], and baseline to the long-term time-
point [n=18; from 141 + 2.4 mEqg/L (range 137-145 mEqg/L)] to
141 + 1.7 mEqg/L (range 138-144 mEq/L), P=0.77].
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Figure 1: Distribution of the amount of change in the serum sodium (Na) concentration from baseline to the short-term (a) and

long-term (b) time-points.
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Figure 2: Scatterplots graph of the relationship between the changes in the serum chloride (Cl) concentration (x-axis) from baseline to
short-term (a) or long-term (b) time-points and the change in the serum sodium (Na) concentration (y-axis).
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Figure 3: Scatterplots showing the relationship between the serum sodium (Na) concentration at baseline (x-axis) and the change in the
serum Na concentration (y-axis) from baseline to short-term (a) or long-term (b) time-points. Vertical line across the Na concentration of 135

mEq/L at the x-axis is shown.

Table 1: Clinical characteristics of the study patients.

Table 2: Usage of acetazolamide for treatment of acutely dec-

ompensated heart failure or correction of hypochloremia.

Characteristics N=43
Age (years)
Mean + SD 84.8+7.8
Range 53-97
Male 15 (35)

Primary cause of cardiovascular disease

Hypertension 27 (63)

Valvular 9(21)

Ischemic/Cardiomyopathy 4(9)

Arrhythmia 3(7)
Left ventricular EF (%)

Mean + SD 58.4+14.0
Left ventricular EF > 50% 10 (23)
Atrial fibrillation 15 (35)
Purpose of usage of acetazolamide

Treatment of acutely decompensated HF 21 (49)

Modification of hypochloremia 22 (51)

Prior history of decompensated HF 16 /22

Concomitantly used cardiovascular drugs other than diuretics

Treatment for Modification
acute HE for hypcfchlor- pvalue
emia
N=21 N =22
Mode of usage
De novo 2 (10) 7 (32)
Add-on 19 (90) 15 (68)
Daily dose of acetazolamide
Mean = SD 363 + 158 mg/d 239+ 101 mg/d 0.0036*
125 mg/d 1(5) 6 (27)
250 mg/d 11 (52) 14 (64)
500 mg/d 8(38) 2(9)
750 mg/d 1(5) 0
Concomitantly used diuretics
Loop diuretics 12 (57) 14 (64) 0.66
Thiazide diuretics 6 (29) 2(9) 0.1
MRA 12 (57) 10 (45) 0.44
Tolvaptan 4(20) 3(14) 0.63

ACE inhibitors/ARB 15 (35)
Beta-blockers 16 (37)
Calcium antagonists 19 (44)
Digitalis 2 (5)
Nitrates 2 (5)

Data presented as number (%) of patients otherwise specified.
ACE- Angiotensin-converting enzyme; ARB, Angiotensin |l receptor

Blocker; EF, Ejection fraction; HF, Heart failure.

*Significant. MRA, Mineralocorticoid receptor antagonist.
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Table 3: Changes in peripheral hematologic test and blood biochemistry in a total of the study patients (n = 43) under aceta-
zolamide de-novo/add-on treatment.

P value
Long-term Before Before
Variable Before (N =43) Short-term (<10days) (11 to 60 days)
(N=31) (N=39) vs. vs.
Short Long
(N=31) (N=39)
Peripheral hematologic test
Hemoglobin (g/dL) 11.2£2.15 10.8 £2.32 11.1+£2.23 0.04* 0.11
Hematocrit (%) 33.7+5.92 32.8+6.55 33.4+6.21 0.07 0.14
Peripheral blood chemistry
Serum sodium (mEq/L) 135.7+5.52 136.6 +4.43 138.2+5.17 0.13 0.02*
Serum potassium (mEq/L) 4.32+0.77 3.85+0.48 3.95+0.57 0.0003* 0.0007*
Serum chloride (mEq/L) 97.9+4.36 102.5+3.74 105.5+4.91 <0.0001* <0.0001*
Blood urea nitrogen (mg/dL) 27.3+15.2 29.1+14.4 24.7 +10.7 0.17 0.95
Serum creatinine (mg/dL) 1.17£0.72 1.23+0.78 1.07 £0.56 0.19 0.5
Serum uric acid (mg/dL) 6.81+2.35 6.68+2.36 6.15+2.21 0.61 0.19
*Significant.
Table 4: Comparison of effects of acetazolamide on serum sodium (Na) concentration between cardio-
vascular patients with or without hyponatremia.
Hyponatremic patients Normonatremic patients
P value
(Serum Na < 135 mEq/L) (Serum Na > 135 mEq/L)
Short-term Effect (n =31) N=18 N=13
Distribution of changes in serum Na concentration
Increased/unchanged 15 5
0.02*
Decreased 3 8
Changes in serum Na concentration (mEq/L)
Before
Mean + SD 131.8+2.94 141.1 £ 3.07
Range 124 - 135 137 - 147
After
Mean + SD 133.9+3.21 140.2 + 3.09
Range 128 - 141 137 - 148
Change 2.17+3.29 -0.85+2.27
Pvalue 0.013* 0.2
Long-term Effect (n = 39) N=21 N=18
Distribution of changes in serum Na concentration
Increased/unchanged 18 11
0.14
Decreased 3 7
Changes in serum Na concentration (mEq/L)
Before
Mean + SD 131+4.11 141.1+2.44
Range 120-135 137 - 145
After
Mean + SD 135.5+5.71 141.2 +1.66
Range 128 - 153 138 -144
Change 4.52+5.17 0.167 £2.33
P value 0.0007* 0.77 *Significant.
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Discussion

The findings of the present study demonstrated favorable
effects of acetazolamide for modulating disturbances in the se-
rum Na concentration in cardiovascular patients. Interestingly,
acetazolamide treatment had no significant effect on the serum
Na concentration in normonatremic patients, but favorably cor-
rected the disturbance of the serum Na concentration in hy-
ponatremic patients, in which the lower the serum Na concen-
tration before treatment, the greater the increase in the serum
Na concentration after acetazolamide treatment.

Re-appraisal of acetazolamide in the mainstay of HF treat-
ment

Early studies demonstrated that the carbonic anhydrase in-
hibitor acetazolamide might be effective for patients with re-
fractory HF [8,9,13-16]. This diuretic has long been outside of
the mainstay decongestive treatment for worsening HF because
of the subsequent development of more potent loop and thi-
azide diuretics. Several recent studies, however, re-evaluated
the effects of acetazolamide and suggested its advantageous
effects for treatment of refractory HF status [17-22]. Carbonic
anhydrases play important roles in acid-base transport in the
proximal tubule and collecting duct [23,24]. Inhibition of car-
bonic anhydrase activity in the proximal tubule by acetazol-
amide blocks apical Na*/H* exchanger activity and decreases
Na and bicarbonate reabsorption [23,24]. Although the diuretic
and natriuretic capacity of acetazolamide by itself might be
poor, the potential effectiveness of this agent on refractory HF
involves a synergic diuretic effect in combination with a loop or
a thiazide diuretic through: 1) sequential blockade of Na reab-
sorption in the proximal tubules by acetazolamide, and in both
Henle’s loop and distal tubules by both loop and thiazide diuret-
ics [18,23] or 2) enhancement of the diuretic effect of thiazides
by urine alkalization [25]. Furthermore, acetazolamide could
improve thiazide-like diuretic efficacy, as it potently downregu-
lates pendrin expression in the distal nephrons [25, 26]. A large
randomized, double-blind, placebo-controlled study, such as
the ongoing OveRLoad (ADVOR) trial [27] is expected to provide
real-world clinical evidence for the beneficial contribution of ac-
etazolamide to HF management.

Effects of acetazolamide on the serum Na concentration

Effects of acetazolamide on serum chloride, potassium, or bi-
carbonate are clinically well investigated [8,13,14,17]. But there
is an unexpectedly scant amount of clinical data and, if available
at all, only a brief description of its effects on the serum Na con-
centration [8,9,13-15,17].

Acetazolamide has unique but critical diuretic actions: a “non-
reabsorbable anion-like effect”, that results in the excretion of
bicarbonate into the urinary tubules with interchangeable ab-
sorption of filtrated chloride into the blood, and concurrent ex-
cretion of potassium into the urine [5,8,13,14,18,19,23,24]. An
earlier study by Relman et al [14] evaluated the acute effects
(3-12 days) of acetazolamide treatment on serum solutes in 26
patients with severe HF (men, 73%; age, 56.7 + 12.4 years). Re-
evaluation of their data by Kataoka [5,7] revealed that the serum
Na concentration was unchanged or increased after treatment
with acetazolamide in 73% of 24 evaluations. The results of the
present study demonstrated not only a short-term effect of ac-
etazolamide on the serum Na concentration, similar to the find-
ings reported by Relman et al [5,7,14], but also persistent long-
term effects lasting at least ~ 60 days. Interestingly, as shown in

the present study, the modulating effects of this diuretic agent
in cardiovascular patients were favorably characterized by mod-
ulation of the serum Na concentration only in those with hy-
ponatremia, and not in those with normonatremia.

Possible mechanism of acetazolamide for correcting hy-
ponatremia

The mechanisms responsible for the effects of acetazolamide
to modulate hyponatremia are assumed to be very complex
because electrolyte abnormalities may be multifactorial and
interrelated, resulting from neurohormonal activation, renal
dysfunction, medications, and dietary intake [28-30]. Nonethe-
less, when considering the mechanisms underlying the effects
of acetazolamide to correct hyponatremia, there are at least
a few possibilities regarding its actions to increase the serum
Na concentration, despite its natriuretic action, as follows: 1)
aquaretic effect of this agent, i.e., an increase in the free water
clearance in the urinary tubules, 2) mobilization of Na from oth-
er spaces into the vascular space, and 3) a combination of these
actions. Early studies [8,9] described an excess rate of water di-
uresis in relation to the urinary electrolytes in several cases, but
the exact mechanism for this phenomenon is unclear. Thus, it
is worthwhile to examine the effect of acetazolamide on argi-
nine vasopressin [31] or renal aquaporin receptors [32]. To ad-
dress this issue, indeed, a recent experimental study indicated
an effect of acetazolamide on aquaporin-1 protein expression
[33], through which water balance might be modulated [32].
Another experimental study reported that increased diuresis in
rats treated with a combination of acetazolamide and thiazide
was associated with a significant reduction in urine osmolality
and reduced membrane localization of aquaporin-2 [25].

The present study revealed that an increase in the serum
Na concentration positively correlated with an increase in the
serum chloride concentration under acetazolamide treatment.
This observation suggests that an accumulation of anionic (neg-
atively-charged) chloride in the vascular space would electrical-
ly attract cationic (positively-charged) Na electrolytes from the
interstitial space into the vascular space because Na is not dis-
tributed in the body solely as a free cation, but it is also bound
to large interstitial glycosaminoglycan networks in different tis-
sues, which may have an important regulatory function for the
serum Na concentration or quantity by transferring Na from the
interstitial space into the blood [34-36].

According to these possible mechanisms mentioned above,
carbonic anhydrase acetazolamide has a potential for correct-
ing hyponatremia by increasing the free water clearance in the
urinary tubules and mobilizing Na from the interstitial space
into the vascular space. Exact mechanisms for correcting distur-
bances in the serum Na concentration by carbonic anhydrase
acetazolamide, however, require further exploration.

Study limitations

This study has some limitations. First, this study was per-
formed in a relatively small number of patients, was a single-
center observational study, and should thus be considered to be
hypothesis-generating. Second, the present study is a sub-anal-
ysis of the data collected from a study primarily investigating
the effects of acetazolamide on the serum chloride concentra-
tion [37]. So further investigations designed to determine the
effects of acetazolamide on hyponatremic patients are needed.
Finally, the sole effect of acetazolamide on the serum Na con-
centration is unclear in the present clinical study because most
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of the study patients were in the group with add-on usage of
acetazolamide to other conventional diuretics.

Conclusions

The carbonic anhydrase inhibitor acetazolamide, the oldest
diuretic among commercially available diuretics, exhibited fa-
vorable effects for modulating hyponatremia in cardiovascular
patients, indicating that acetazolamide could be an alternative
diuretic to vasopressin antagonists for some proportion of HF
patients with hyponatremia. Its effect to enhance the serum Na
concentration occurs promptly within 10 days and persists for
at least ~ 60 days. Large randomized studies are required to re-
evaluate the efficiency of this forgotten, but useful agent for the
treatment of HF and its potential for correcting hyponatremia.
Importantly, the efficiency of this diuretic agent to correct hy-
ponatremia in comparison with vasopressin antagonists would
presumably be modest [38-40]; therefore, worsening hypona-
tremia even with the use of this agent should be carefully evalu-
ated.
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