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Thiazide-induced hyponatraemia is associatedwith
increasedwater intake and impaired urea-mediated
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Background: Hyponatraemia is a common, potentially life-
threatening, complication of thiazide diuretics. The
mechanism of thiazide-induced hyponatraemia is
incompletely understood. Previous experiments have
suggested a direct effect of thiazide diuretics on the
plasma membrane expression of aquaporin (AQP)2.

Methods: We examined the effects of a single re-
exposure to hydrochlorothiazide (HCTZ) 50 mg on water
balance, renal sodium handling and osmoregulation in 15
elderly hypertensive patients with a history of thiazide-
induced hyponatraemia and 15 matched hypertensive
controls using thiazide diuretics without previous
hyponatraemia.

Results: Patients with thiazide-induced hyponatraemia had
significantly lower body weight and lower plasma sodium
and osmolality at baseline. After HCTZ administration,
plasma sodium and osmolality significantly decreased and
remained lower in patients compared with controls
(P<0.001). Plasma antidiuretic hormone (ADH) and urine
AQP2 were low or suppressed in patients, whereas solute
and electrolyte-free water clearance was significantly
increased compared with controls. Ad libitum water intake
was significantly higher in patients (2543�925 ml) than in
controls (1828�624 ml, P<0.05), whereas urinary sodium
excretion did not differ. In contrast, urea excretion
remained significantly lower in patients (263�69 mmol per
24 h) compared with controls (333�97 mmol per 24 h,
P<0.05) and predicted the decrease in plasma sodium
following HCTZ administration.

Conclusion: Thiazide diuretics are associated with
markedly impaired free water excretion at low ADH and
AQP2 in elderly patients. The higher water intake and
lower urea excretion in patients points to an important
role for polydipsia and urea-mediated water excretion in
the pathogenesis of thiazide-induced hyponatraemia.

Keywords: antidiuretic hormone, aquaporin2, free water
excretion, hyponatraemia, thiazide diuretics

Abbreviations: ADH, anti-diuretic hormone; AQP2,
aquaporin 2; HCTZ, hydrochlorothiazide; PRA, plasma renin
activity; TSH, thyroid-stimulating hormone
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INTRODUCTION
H
yponatraemia is a potentially life-threatening com-
plication of thiazide diuretics, especially amongst
elderly patients [1,2]. In a recent observation study,

the risk of hospitalization for hyponatraemia was 0.69 per
100 patient-years for chlortalidone and 0.49 per 100 patient-
years for hydrochlorothiazide (HCTZ) [3]. In most cases,
hyponatraemia occurs within several days after the institu-
tion of thiazide therapy. However, in one-third of patients,
hyponatraemia develops after prolonged exposure to thia-
zide diuretics, making it difficult to identify patients at risk
[4]. Various patient-related factors including female sex,
advanced age and lower body weight have been associated
with an increased risk of thiazide-induced hyponatraemia
[4,5], but its pathogenesis is still incompletely understood.
After a single re-challenge, patients with a history of thia-
zide-induced hyponatraemia have been shown to acutely
develop hyponatraemia and impaired solute-free water
excretion at low antidiuretic hormone (ADH) levels [6].
Solute-free water clearance depends on the transcellular
osmotic gradient of collecting duct cells and the plasma
membrane expression of the aquaporin-2 (AQP2) water
channel. Following experimental evidence, it has been
suggested that thiazide-induced hyponatraemia may be
caused by direct effects on the plasma membrane expres-
sion of the water channel AQP2 [7–9]. A proportion of
AQP2 is released in urine allowing assessment of the
downstream effects of ADH [10–12]. Urine AQP2 doubles
after an overnight fast and increases more than three-fold in
 Health, Inc. All rights reserved.
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the pathological states of impaired water excretion charac-
terizedbynonsuppressibleADHandmore than ten-fold after
exogenous infusion of a synthetic vasopressin analogue
[11,12]. We hypothesized that the impaired water excretion
observed in patients with a history of thiazide-induced
hyponatraemia is associated with increased sensitivity to
ADH or expression of its downstream effector, AQP2.

Therefore, we assessed the effects of a single dose of
HCTZ on water balance, renal sodium handling and osmor-
egulation in hypertensive patients with a history of thiazide-
induced hyponatraemia and age-matched and sex-matched
controls using thiazide diuretics for hypertension
without hyponatraemia.

PATIENTS ANDMETHODS

Study participants
We compared 15 patients aged 60 years and older who
were previously diagnosed with thiazide-induced hypona-
traemia with 15 elderly individuals using thiazide therapy
for hypertension without a history of hyponatraemia.
Patients were recruited by searching the hospital database
for presentations with hyponatraemia in the last 5 years
according to the International Classification of Diseases 9
code (ICD-9), and by directly contacting physicians at our
institute and regional hospitals.

Patients were eligible if they were previously diagnosed
with thiazide-induced hyponatraemia (plasma sodium
�128mmol/l), had used thiazide diuretics for the treatment
of hypertension and had normal plasma sodium levels
(�135mmol/l) after the cessation of therapy. Patients were
excluded from participation if they had any other apparent
cause for their hyponatraemia or if they used other drugs
interfering with sodium and water homeostasis (see online
supplementary methods, http://links.lww.com/HJH/A427).
Controls used thiazide diuretics for the treatment of hyper-
tension, but had no prior history of hyponatraemia. Controls
were individually matched for age and sex with patients and
recruited from the outpatient clinic of the study centre and
affiliated hospitals.

Patients and controls were excluded if they had abnormal
plasma sodium levels (<135mmol/l) at the initial screening
visit, an estimated creatinine clearance less than 50ml/min
according to the Cockcroft–Gault formula, a history of malig-
nancy in the last 5 years, therapy-resistant or uncontrolled
hypertension defined as blood pressure (BP) greater than
140/90mmHg with three or more antihypertensive drugs, BP
greater than160/100mmHgwith twoormore antihypertensive
drugs or BP greater than 180/110mmHg, known allergies for
sulphonamides, or were unwilling or incapable to provide
written informed consent. The study protocol was conducted
in accordance with the Declaration of Helsinki and good
clinical practice (GCP) guidelines. All participants gave written
informed consent prior to the experiment. The study was
approvedbyour local institutionalmedicalethics reviewboard.

Study protocol
In controls, thiazide diuretics or thiazide combinations
were stopped at least 6 weeks before the experiment. If
possible, BP-lowering medication believed to interfere with
the study outcome (e.g. potassium-saving diuretics, beta-
 Copyright © 2015 Wolters Kluwe
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blockers, angiotensin-converting enzyme (ACE) inhibitors
and angiotensin receptor blockers) were stopped, or
replaced by peripheral alpha-blocking drugs (doxazosin
4 or 8mg) or calcium-channel-blocking agents (nifedipine
osmotic-release oral system (OROS) 30mg) if BP was
higher than 160/100mmHg. Beta-blockers were continued
if patients had an indication for beta-blocker therapy other
than hypertension (i.e. rate control for atrial fibrillation or
coronary artery disease).

Before the day of the experiment, patients were
instructed to collect 24 h urine. On the day of the exper-
iment, after an overnight fast, BP, heart rate and body
weight were recorded. Baseline blood and urine samples
were taken after 30min rest. Thereafter, participants
received a single dose of HCTZ 50mg. Single dose re-
exposure to HCTZ 50mg in combination with amiloride
5mg has previously been shown to cause an acute decrease
in plasma sodium with impaired free water excretion in
patients with thiazide-induced hyponatraemia without
causing adverse effects [6]. As our aim was to study the
effects of thiazide diuretics, we chose to conduct the
experiment with HCTZ 50mg only.

After 4, 8 and 24h, measurement of BP, heart rate and
body weight was repeated, and blood and urine samples
were taken. BP was measured three times whilst seated after
at least 5min rest using a validated oscillometric device
(Omron MX2, Omron Healthcare, Hoofddorp, the Nether-
lands). The last two BP readings were averaged and used for
analysis. During the experiment, each participant registered
food and fluid intake on diet lists with recording of the type
and amount of solid foods and liquids. The amount of food
and liquids was listed using a semiquantitative scale (i.e. slice
of bread, glass of milk and cup of tea). Subsequently, the
items were entered using the website of the Dutch food
safety organization, which calculates the amount of calories,
water, sodium, potassium, energy and protein for each item
using the same semiquantitative scale. To familiarize partici-
pants with the diet list and limit the influence of diet regis-
tration on food and fluid intake, participants started
recording 3 days prior to the experiment. Before and during
the experiment, the correctness and completeness of the diet
lists was assessed by the investigator. After 24h, all patients
resumed their original medication.

Laboratory analysis
Blood samples for the assessment of ADH and aldosterone
were immediately put on ice before transportation to the
laboratory. For the other measurements, blood samples
were transported at room temperature and processed
within 1 h. Sodium, potassium, glucose, creatinine, uric
acid, urea and TSH were measured using a Modular
P800 analyzer (Roche Diagnostics, Almere, the Nether-
lands). Plasma and urine osmolality were measured using
Arkray Osmo Station OM-6050 (Menarini Diagnostics, Val-
kenswaard, the Netherlands). Cortisol was assayed with a
chemiluminescent immunoassay on an Immulite system
(Siemens Healthcare Diagnostics, Breda, the Netherlands).
Urine samples for the measurement of AQP2 were stored at
–808C. Plasma renin activity (PRA), aldosterone and ADH
were measured by radioimmunoassay. To quantify urine
AQP2, urine creatinine equivalents were immunoblotted as
r Health, Inc. All rights reserved.
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TABLE 1. Baseline characteristics

Patients
n¼15

Controls
n¼15

P

Age (years) 75.3�8.2 74.7�6.1 0.83

Sex (male/female) 5/10 5/10 1.00

Body weight (kg) 62.6�9.3 74.1�14.3 <0.05

SBP (mmHg) 155�20 153�18 0.80

DBP (mmHg) 79�10 82�11 0.34

Antihypertensive therapy (%) 9 (60%) 13 (87%) 0.25

Plasma sodium (mmol/l) 139�4.2 142�3.1 <0.05

Plasma osmolality (mOsm/kg) 278�5.8 285�5.7 <0.005

Plasma potassium (mmol/l) 4.2�0.3 4.1�0.2 0.21

Plasma uric acid (mmol/l) 0.27�0.06 0.29�0.05 0.23

Plasma creatinine (umol/l) 75�12 77�16 0.74

Plasma urea (mmol/l) 5.3�1.4 6.1�1.7 0.18

Plasma ADH (pmol/l) 0.7�0.8 1.3�1.2 0.11

Plasma renin activity (mgA1/l/h) 0.9�0.9 1.8�2.5 0.16

Plasma aldosterone (nmol/l) 0.35�0.35 0.36�0.14 0.91

Creatinine clearance (ml/min) 72�26 94�37 0.07

Urine volume (ml per 24 h) 2369�898 1913�564 0.11

Urinary sodium excretion
(mmol per 24 h)

124�42 142�62 0.35

Urinary potassium excretion
(mmol per 24 h)

62�28 86�62 0.17

Urinary creatinine excretion
(mmol per 24 h)

7.7�3.0 10.3�4.0 0.06

Urine osmolality
(mOsm per 24 h)

630�150 804�261 <0.05

Urinary urea excretion
(mmol per 24 h)

251�61 346�97 <0.005

Urinary AQP2 excretion 0.4�0.4 1.0�1.1 <0.05

Solute-free water clearance
(ml/min)

�0.4�1.0 �1.3�1.3 <0.05

Electrolyte-free water clearance
(ml/min)

0.23�0.8 �0.16�0.6 0.13

Data represented as mean� SD unless indicated otherwise. Urine values were derived
from the 24-h urine collection preceding the experiment. ADH, antidiuretic hormone.

Thiazide-induced hyponatraemia
described [12,13]. Detailed description of the radioimmuno-
assays for PRA, aldosterone and ADH, and urinary AQP2
measurement are added as online data supplement, http://
links.lww.com/HJH/A427.

The following formulas were used to calculate solute-
free and electrolyte-free water clearance: solute-free water
clearance¼V � (1 – UOsm/POsm), electrolyte-free water
clearance¼V � [1 – (UNaþUK)/PNa], in which V is urine
production (ml/min), UOsm and POsm are urine and plasma
osmolality (mOsm/kg), respectively, UNa and UK are urinary
sodium and potassium excretion, respectively (mmol/l),
PNa is plasma sodium (mmol/l) [14].

Sample size calculation and statistical analysis
On the basis of the results of the previous studies examining
the effects of HCTZ on plasma sodium and free water
excretion [6,15], weestimated that 15patients and 15 controls
would be sufficient to demonstrate significant differences in
plasma sodium and allow detection of one SD difference in
urine AQP2 with 80% power and alpha¼ 0.05. These differ-
ences are much smaller than previously demonstrated in the
pathological states of impaired free water excretion and
following exogenous administration of 1-desamino-8-D-argi-
nine vasopressin (DDAVP) [11,12].

Baseline data were expressed as mean and SD for con-
tinuous variables because most parameters followed a para-
metric distribution. Log transformation was performed
before analysis for variables with skewed distribution.
Unpaired t-tests were used to compare data from patients
and controls at baseline. Changes following HCTZ adminis-
tration were assessed by repeated measures analysis.
Multiple variable imputing was used in case data were
missing. Univariate regression analysis was used to assess
the baseline predictors of changes in plasma sodium at 4 and
8h following HCTZ administration. The Statistical Package
for Social Sciences (SPSS) 18.0 forWindowswasused fordata
analysis. P less than 0.05 was considered significant.
RESULTS

Baseline clinical and laboratory data
The selection and clinical characteristics of included
patients at the time of presentation with hyponatraemia
are added as online data supplement, http://link-
s.lww.com/HJH/A427. Of the 76 patients with possible
thiazide-induced hyponatraemia, 24 patients had one or
more exclusion criteria and 24 patients were unwilling or
unable to participate, an additional seven patients had died
and four patients had moved outside the region. Prior to the
experiment, two patients left the study, one because of
atrial fibrillation and one patient because the study burden
was considered too great, leaving 15 patients for inclusion.
Mean plasma sodium level of the included patients was 120
(range 102–128) mmol/l at initial presentation. Mean
(range) time between presentation with hyponatraemia
and start of the experiment was 13 (1–50) months. Baseline
characteristics of the study participants are listed in Table 1.
Patients and controls were well matched for age and sex.
Body weight was significantly lower in patients compared
with controls, whereas SBP and DBP did not differ between
 Copyright © 2015 Wolters Kluwer
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the groups. There were no significant differences in the
frequency or type of BP-lowering medication. BP-lowering
medication at baseline included calcium-antagonists (10
patients and five controls), alpha-blocking therapy (one
patient and five controls) and beta-blocking agents (eight
patients and three controls). Plasma sodium and osmolality
were significantly lower in patients compared with controls
at baseline, whereas ADH and was completely suppressed
in 11 (73%) patients and in seven (47%) controls. Mean
urine volume was 456 ml higher at baseline in patients
compared with controls, whereas urine osmolality and
urea excretion were significantly lower. Patients had lower
urine AQP2, whereas solute-free and electrolyte-free water
clearance tended to be higher. Mean plasma glucose, TSH
and cortisol did not differ between the groups (P> 0.20 for
all).

Clinical and laboratory data following
hydrochlorothiazide
The recordings of 24-h food and fluid intake after the start of
the experiment are shown in Table 2. Diet during the
experiment did not differ regarding the intake of sodium,
potassium, protein (with or without correction for body
weight), alcohol or energy content. Water intake was higher
at all time intervals in patients compared with controls
(P< 0.001 for trend), totalling 719 ml difference at 24 h.
Table 3 and Fig. 1 show the effects of re-exposure to HCTZ
 Health, Inc. All rights reserved.
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TABLE 2. Food and fluid intake during the experiment in
patients previously diagnosed with thiazide-
induced hyponatraemia and age-matched and sex-
matched controls

Nutrient Patients Controls P

Sodium (mmol/day) 114�39 106�32 0.59

Potassium (mmol/day) 63�16 73�18 0.15

Energy (kcal/day) 1434�299 1592�443 0.26

Water (ml/day) 2543�925 1828�624 <0.05

Protein (g/day) 63�14 72�24 0.18

Protein/body weight (g/kg per day) 1.0�0.3 1.0�0.3 0.79

Alcohol (g/day) 7.8�9.2 5.9�8.9 0.55

Data are expressed as mean� SD.

Frenkel et al.
50mg at 4, 8 and 24 h from baseline. SBP and DBP remained
similar throughout the experiment and did not significantly
differ between patients and controls (P¼ 0.86 for SBP,
P¼ 0.30 for DBP). Body weight tended to increase by
0.3� 0.8 and 0.1� 1.0 kg in patients at 4 and 8h following
HCTZ administration, whereas it tended to decrease in
controls (0.1� 0.7 kg at 4 h and 0.4� 0.9 kg at 8 h). Plasma
sodium maximally decreased from 139.2� 4.2 to
135.6� 4.0 mmol/l in patients and from 142.3� 3.1 to
140.3� 3.0 mmol/l in controls after 4 h (both P< 0.01),
whereas plasma osmolality significantly decreased in
patients (277.9� 5.8 to 274.3� 6.9 mOsm/kg at 4 h,
P< 0.01) and tended to decrease in controls (P¼ 0.06).
The difference in plasma sodium and osmolality between
patients and controls was significant at all timepoints
(P< 0.005). Plasma potassium and uric acid tended to
decrease in both patients and controls at 4 and 8h following
HCTZ administration, but did not significantly differ (data
not shown).

PRA did not significantly change during the experiment,
whereas aldosterone decreased after 4 and 8h in both
patients and controls. Plasma ADH remained low or sup-
pressed in patients, whereas in controls ADH increased
from 1.3� 0.3 to 1.6� 0.4 pmol/l at 4 h. During the exper-
iment, total urine volume was 775 ml higher in patients
(2812� 1021 ml) than in controls (2037� 1850 ml,
P< 0.05). Urinary sodium excretion during the experiment
 Copyright © 2015 Wolters Kluwe

TABLE 3. Plasma renin activity (PRA), plasma aldosterone, urine aquap
at 0, 4, 8 h and 24 h following administration of hydrochlo
hyponatraemia and controls

0 h 4 h 8 h

Plasma renin activity (mgA1/l/h)
Patient 0.9�0.9 1.5�1.6 1.5�1.6

Control 1.8�2.5 1.9�1.6 1.9�1.7

Plasma aldosterone (nmol/l)
Patient 0.35�0.35 0.25�0.20 0.23�0.14

Control 0.36�0.14 0.31�0.16 0.24�0.08

Urine AQP2 (ratio)
Patient 0.4�0.4 0.4�0.2 0.4�0.3

Control 1.0�1.1 0.7�1.3 0.5�0.5

Urine osmolality (mOsm/kg)
Patient 381�143 349�145 368�165

Control 522�112 462�139 520�129

Electrolyte free water clearance (ml/min)
Patient 0.23�0.76 0.49�1.17 0.70�1.11

Control �0.16�0.61 �0.22�0.46 �0.30�0.44

Data are expressed as mean� SD.

630 www.jhypertension.com
was 215 mmol per 24 h in patients and 211 mmol per 24 h in
controls (P¼ 0.90), and did not differ at any of the time-
points. Total urea excretion remained lower in patients
(263� 69mmol per 24 h) compared with controls
(333� 97mmol per 24 h, P< 0.05). Urinary AQP2 excretion
remained low in patients and significantly decreased in
controls. Solute-free and electrolyte-free water excretion
remained significantly higher in patients compared with
controls during the experiment, indicating that water reab-
sorption in the patient group continued to be suppressed.
Insensible loss, calculated as the difference between water
excretion and intake, was 264 ml for patients and 209 ml for
controls, and did not differ between groups (P¼ 0.63).

Predictors of hyponatraemia in patients and
controls
Univariate predictors of the difference in plasma sodium at
4 h compared to baseline are depicted in Table 4. Lower
body weight, PRA, urine osmolality and urinary urea
excretion and higher plasma aldosterone values signifi-
cantly predicted the decrease in plasma sodium at 4 h
and also predicted the decrease in plasma sodium at 8 h
following HCTZ administration (data not shown). Baseline
plasma sodium, ADH, creatinine clearance and urinary
excretion of sodium and AQP2 were not correlated with
the changes in plasma sodium at 4 or 8 h following
HCTZ administration.

DISCUSSION
Patients with a history of thiazide-induced hyponatraemia
had significantly lower plasma sodium and osmolality at
baseline, which further decreased after HCTZ adminis-
tration. This occurred despite an increase in solute and
electrolyte free water clearance at low or suppressed ADH
and urine AQP2, indicating that in patients with previous
thiazide-induced hyponatraemia, antidiuresis was appro-
priately suppressed. Therefore, our findings do not support
increased sensitivity to ADH or expression of AQP2 as an
explanation for the decrease in plasma sodium and osmo-
lality following HCTZ administration.
r Health, Inc. All rights reserved.

orin (AQP)2, urine osmolality and electrolyte-free water clearance
rothiazide 50 mg in patients with a history of thiazide-induced

24 h P vs. control P vs. baseline

1.6�1.6 0.13 0.28

3.1�3.0 0.18

0.51�0.63 0.99 0.08

0.43�0.16 <0.001

0.5�0.7 0.23 0.88

0.3�0.3 0.02

303�85 <0.005 0.09

444�155 0.11

0.41�0.36 <0.01 0.27

0.12�0.43 <0.05
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FIGURE 1 Body weight (a), plasma sodium (b), plasma ADH (c) and solute-free water clearance (d) at 0, 4, 8 and 24 h following administration of hydrochlorothiazide
50 mg in patients with a history of thiazide-induced hyponatraemia (*) and controls (&). Data are expressed as mean (SE).

Thiazide-induced hyponatraemia
The lower plasma sodium and osmolarity in patients
with thiazide-induced hyponatraemia was associated with
an increase in water intake and urine volume, both at
baseline and during the experiment. Water intake usually
has to exceed approximately 8 l per 24 h to cause significant
hyponatraemia [16], considerably more than the 2.5–3 l per
24 h in the patients from our experiment. However, water
intake only led to the development of hyponatraemia after
exposure to HCTZ in these patients, suggesting that thiazide
diuretics have an important effect on free water excretion.
 Copyright © 2015 Wolters Kluwer

TABLE 4. Univariate predictors of differences in plasma sodium
at baseline and at 4 h following hydrochlorothiazide
administration

Covariates at baseline Beta P

Age (years) 0.01 0.97

Sex (female) 0.32 0.08

Body weight (kg) �0.40 <0.05

Plasma sodium (mmol/l) 0.25 0.19

PRA (mgA1/l/h) �0.42 <0.05

Plasma aldosterone (nmol/l) 0.39 <0.05

ADH (pmol/l) 0.15 0.43

Creatinine clearance (ml/min) �0.26 0.17

Urine sodium (mmol per 24 h) 0.03 0.89

Urine AQP2 0.13 0.50

Urinary urea excretion (mmol per 24 h) �0.57 <0.01

Urine osmolality (mOsm/kg) �0.41 <0.05

ADH, antidiuretic hormone.

Journal of Hypertension
This is in line with the results from a previous clinical
experiment which showed that, especially in elderly
patients, solute-free water excretion is greatly impaired
after the administration of thiazide diuretics [6,15].

Solute-free water clearance is principally depending on
the transcellular osmotic gradient of collecting duct cells
and the plasma membrane expression of AQP2. By acting
on the distal tubule, thiazide diuretics do not interfere with
medullary tonicity and urinary concentrating capacity,
resulting in the excretion of solutes in excess of water.
The finding that solute-free water clearance remained
negative in both patients and controls, despite low or
suppressed ADH and urine AQP2, indicates that free water
excretion at maximum physiological capacity was impaired
in both groups after HCTZ and could not be compensated
by enhanced water excretion. Whether the observed
increase in water intake in patients with thiazide-induced
hyponatraemia is a result of habit or may relate to differ-
ences in thirst sensation or osmosensing, such as recently
demonstrated for a genetic variant in the transient receptor
potential vanilloid 4 (TRPV4) channel [17], remains to be
determined. The low or suppressed plasma ADH levels in
patients, however, make an increase in ADH-stimulated
water intake in patients less likely.

Next to the differences in water intake, urinary urea
excretion was significantly lower in patients compared with
controls, both at baseline and during the experiment, and
predicted changes in plasma sodium in both groups. It is
 Health, Inc. All rights reserved.
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well established that urea has the capacity to promote free
water excretion [14]. In patients with the syndrome of
inappropriate antidiuretic hormone secretion (SIADH),
for example, oral urea is equally effective for the treatment
of hyponatraemia compared to the vasopressin V(2)-recep-
tor antagonists tolvaptan and satavaptan [18]. Urea pro-
duction depends on the net protein intake and endogenous
protein catabolism. The lower body weight in patients may
reflect reduced muscle mass, which is an important con-
tributor to endogenous protein turnover [19–21]. The lower
urinary creatinine excretion, an estimate of muscle mass, in
patients and the propensity for women and individuals with
lower body weight to develop thiazide-induced hypona-
traemia as observed by us and others is consistent with this
finding [5]. In our experiment, the decrease in plasma
sodium following HCTZ administration was not associated
with changes in PRA or aldosterone. However, the increase
in PRA with thiazide diuretics reaches its maximum only
after 3 days [22]. A longer study period would be needed to
appreciate the full effects of changes in PRA during thiazide
treatment. For the present study, we excluded participants
with an estimated glomerular filtration rate less than
50ml/min, as a decrease in renal function could contribute
to the development of hyponatraemia by an increase in
water retention. However, creatinine clearance still tended
to be lower in patients compared with controls. In uni-
variate analysis, creatinine clearance was not a significant
predictor of the decrease in plasma sodium, indicating that
small decreases in renal function did not importantly affect
the propensity to develop hyponatraemia following HCTZ
administration.

Our study has several limitations. We studied the acute
effects of HCTZ on water balance and renal sodium hand-
ling using a single dose of HCTZ 50mg, whereas HCTZ 12.5
or 25mg is sufficient to effectively lower BP. It should be
noted, however, that all the patients in our study developed
hyponatraemia during treatment with either HCTZ 12.5 mg
or HCTZ 25mg. Furthermore, the effects on sodium and
water homeostasis may be different during chronic
exposure to thiazide diuretics because of counter-regulat-
ory mechanisms, most importantly the renin–angiotensin
system [22]. As ADH and PRA levels were lower in patients
than in controls, we consider it unlikely that angiotensin-II-
mediated stimulation of ADH would affect patients more
than controls during chronic administration of thiazide
diuretics. Finally, plasma sodium and osmolality, albeit
within the normal range, were already significantly lower
at baseline in patients with thiazide-induced hyponatrae-
mia. We did not correct for these baseline differences as it is
conceivable that the determinants that contribute to thia-
zide-induced hyponatraemia are also responsible for the
observed changes at baseline.

In conclusion, our results show that in elderly patients
water excretion is markedly impaired after the adminis-
tration of a thiazide diuretic, and suggests an important role
for water intake and urea-mediated water excretion in the
pathogenesis of thiazide-induced hyponatraemia. The
present findings may also explain why the development
of thiazide-induced hyponatraemia is often difficult to
predict as water intake, insensible loss and protein catab-
olism may vary in time. Our data suggest that advice on
 Copyright © 2015 Wolters Kluwe
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water and protein intake may prevent thiazide-induced
hyponatraemia in susceptible elderly patients.
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