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Importance of the field: As with all potent therapeutic agents, the use of
diuretic compounds has been linked with several adverse effects that may
reduce quality of life and patient compliance and, in some cases, may be
associated with considerable morbidity and mortality. Among the various
types of adverse effects, disturbances of electrolyte and acid-base balance are
perhaps the most common, and some of them are the aetiological factors of
other side effects (i.e.,, hypokalaemia causing ventricular arrhythmias or
glucose intolerance). The mechanism and site of action and, therefore, the
pharmacological effects of each diuretic class largely determine the specific
electrolyte or acid—-base abnormalities that will accompany the use of each
diuretic agent.

Areas covered in the review: This article reviews the major electrolyte dis-
turbances (hypokalaemia, hyperkalaemia, hyponatraemia, disorders of mag-
nesium and calcium balance), as well as the acid-base abnormalities
complicating the use of the various diuretic agents.

What the reader will gain: The reader will gain insights into the pathogenesis
of the diuretic-induced electrolyte and acid-base disorders together with
considerations for their prevention and treatment.

Take home message: Knowledge of the pharmacologic properties of each
diuretic class and appropriate monitoring of patients under diuretic treatment
represent the most important strategies to prevent the development of
diuretic-related adverse events and their consequences.
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1. Introduction

Diuretics are potent therapeutic tools that have been used broadly for > 50 years in
the treatment of major diseases of internal medicine, such as hypertension and
common oedematous disorders (cardiac failure, nephrotic syndrome, hepatic cir-
thosis). Certain diuretics have been also used for years in the treatment of more
specific conditions, such as glaucoma, cerebral oedema, hypercalcaemia, hypercal-
ciuria and diabetes insipidus [1-3]. Although providing important help in the
treatment of many diseases, as in the case of all potent therapeutic agents, the
clinical use of diuretics has the potential to cause several adverse effects. These may
reduce quality of life and patient compliance and, in some cases, may be associated
with considerable morbidity and mortality [4]. Among the various types of adverse
effects, disturbances of electrolyte and acid—base balance are perhaps the most
common, and some of them are the acetiological factors of other side effects (i.e.,
hypokalaemia being responsible for the genesis of ventricular arrhythmias or
glucose intolerance).
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Article highlights.

« The specific electrolyte or acid—base abnormalities that
characterise each diuretic class can be largely anticipated
from the pharmacologic mechanism of action and the
nephron segment where each class of diuretics acts.
Hypokalaemia is the most common electrolyte disorder
linked to diuretic use and is associated with a number of
serious cardiac adverse consequences (arrhythmias,
sudden death); the lower doses at which thiazides and
related agents are prescribed for hypertension treatment
in the last years seem to have helped towards reduction in
the incidence of diuretic-induced hypokalaemia.
Hyperkalaemia is a side effect of potassium-sparing
diuretics. The increase in the use of aldosterone-blockers
for conditions other than their traditional indications (i.e.,
heart failure) was associated with important increase of
the incidence of diuretic-induced hyperkalaemia; thus,
careful use and appropriate dosing of these agents is
required, especially in patients with additional risk factors
for hyperkalaemia.

Diuretic-induced hyponatraemia is a very common
electrolyte disorder, occurring mainly in out-patients
under thiazide treatment. Severe hyponatraemia can have
serious consequences. Adequate monitoring of serum Na*
levels, especially in predisposed patients, is the most
appropriate strategy to prevent the development of this
side effect during diuretic treatment.

Chronic treatment with thiazide and loop diuretics can
produce small reductions in serum Mg?* levels; as Mg®*
homeostasis plays a major role in several actions at cellular
level, attention needs to be paid to the detection and
appropriate correction of Mg?* depletion during
diuretic treatment.

« Thiazides and loop diuretics have contrasting well-
described effects on Ca®* renal handling; thiazides reduce
urinary Ca%* excretion by a large percentage and are
indicated for the treatment of nephrolithiasis with
increased urinary Ca®* excretion, whereas loop diuretics
increase Ca”* loss and are used to treat hypercalcaemia.
Carbonic anhydrase inhibitors typically increase renal
HCOj3™ excretion resulting in metabolic acidosis, especially
in elderly patients. Potassium-sparing diuretics can also
induce metabolic acidosis. Mild metabolic alkalosis
develops commonly during thiazide or loop diuretic
treatment but is usually without important consequences.

This box summarises key points contained in the article.

In the renal tubules, reabsorption of NaCl is driven by the
electrochemical Na® gradient generated by the Na®-K'-
ATPase pump of the basolateral membrane, which is present
in practically all tubular epithelial cells; however, the Na*
transport pathways of the luminal tubular membrane, as well
as the amount of Na" reabsorbed, differ between the various
segments of the nephron (3]. With the exception of osmotic
agents, all other diuretics act by interfering with a specific
transport system of the luminal membrane; in fact, the most
common classification of diuretic agents in carbonic anhydrase
inhibitors, osmotic agents, loop diuretics, thiazides and related
sulfonamide compounds, and potassium sparing diuretics is

largely based on their mechanism of action. The mechanism
and site of action of each diuretic class determine their
pharmacological effects, natriuretic efficacy and specific clin-
ical indications, as well as several of their side effects [1.3].
Therefore, as in the case of pharmacological actions, the
specific electrolyte or acid-base abnormalities for each class
of diuretics can be largely anticipated from the pharmacologic
mechanism of action and the nephron segment where a class of
diuretics acts (Table 1) [5]. Based on this, strategies of adequate
monitoring of diuretic treatment, appropriate dose adjust-
ment and electrolyte replacement, when necessary, can prevent
the development and the consequences of electrolyte or
acid—base disorders and ensure patients’” safety.

This article represents the second part of a work on the
clinical use of diuretics that reports on the disturbances of
electrolyte and acid-base balance complicating the use of
diuretic agents and discusses strategies for their prevention
and treatment.

2. Hypokalaemia

The secretion of K* into the tubular lumen occurs mainly in
the cortical collecting duct and to a lesser extent at the final
segment of the distal convoluted tubule and the connecting
tubule, following the lumen negative electric gradient due to
Na® reabsorption (3,6]. A number of different factors can
participate in increased K* secretion and consequently K*
depletion and hypokalaemia during diuretic therapy. First,
increased flow-dependent Na" delivery to these regions of the
distal nephron: all of carbonic anhydrase inhibitors, osmotic
diuretics, loop diuretics, and thiazides and related agents
promote K" secretion by inhibiting Na* reabsorption in their
site of action and increasing Na* delivery to the collecting
duct (457.8]. The second factor is diuretic-induced volume
depletion, which stimulates the renin—angiotensin system
(RAS) resulting, among others, in secondary hyperaldoster-
onism; aldosterone stimulates Na" reabsorption and, there-
fore, K* secretion in the collecting duct [45.7.8]. With the
exception of carbonic anhydrase inhibitors, all the above
agents induce Cl” depletion which independently promotes
urinary K" loss [9], whereas loop and thiazide diuretics pro-
mote Mg”* depletion which also induce kaliuresis, through
unknown mechanisms [3,10). Further, as K* loss is also a
function of dietary NaCl, when NaCl intake is high, distal
delivery of Na" remains also high and K" secretion is pro-
moted (5. Finally, the risk of hypokalaemia would be greater
in patients with low total body potassium, as in many elderly
patients [11].

Several studies on the prevalence and severity of hypoka-
laemia in patients receiving diuretics suggest that they differ
between the various diuretic classes and that they are dose-
related. Long-acting agents, such as chlorthalidone, produce
more pronounced K" losses, while thiazides with inter-
mediate duration of activity have shorter effect (4,58,12]. In
a previous study of 447 hypertensive patients receiving 50 mg
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of hydrochlorothiazide daily, the serum K* fell to
3.0 — 3.5 mmol/l in 56% and to <3.0 mmol/l in only
2.4% of the patients [13]. In another study in 193 hypertensive
patients taking 5 mg of bendrofluazide, a dose equivalent to
100 mg of hydrochlorothiazide, serum K" between 3.0 and
3.5 mmol/l occurred in only 19% of the study population [14].
Loop diuretics are less likely to cause hypokalaemia when used
to treat essential hypertension than thiazides (3,5,8]. During the
first several days of thiazide diuretic therapy, plasma K* falls an
average of 0.6 mmol/l (in a dose-dependent manner) as
compared with a 0.3 mmol/l drop in patients taking furose-
mide [15]. The latter could be either due to the short duration
of action an intermittent NaCl retention with loop diuretics or
only a mactter of doses used. Carbonic anhydrase inhibitors do
not seem to be responsible for major hypokalaemia, although
they are kaliuretic. In a study of 92 glaucoma patients
receiving acetazolamide or methazolamide, only 8 developed
hypokalaemia, all of whom were also receiving thiazides for
hypertension [16]. Needless to say, patients with refractory
edema treated with high-dose synergistic combinations (i.e.,
loop diuretics and metolazone) are at higher risk for
hypokalaemia (s].

The degree of hypokalaemia is strictly dose-dependent.
Luckily, due to the rather shallow dose-response curve of
the thiazide diuretics [1] their antihypertensive efficacy does
not greatly increase with dose [17); this enabled the use of lower
doses of these agents in recent years which has helped to reduce
hypokalaemia incidence. With higher doses previously used in
hypertension (i.e., hydrochlorothiazide 50 — 100 mg), the
serum potassium ranged from 0.1 to
1.4 mmol/l (average 0.7 mmol/l) [18]; with hydrochlorothia-
zide 25 mg, the fall ranged between 0.2 and 0.7 mmol/l;
whereas with hydrochlorothiazide 12.5 mg, reductions
< 0.3 mmol/l have been reported [19]. Similar changes of serum
potassium with increasing dose have been reported with other
thiazides, that is, bendrofluazide [20. The above reductions

reduction in

would translate into an incidence of hypokalaemia (serum
potassium <3.5 mmol/l) of 20% or more with higher doses
and about 5 — 10% with hydrochlorothiazide or clorthalidone
12.5 — 25 mg [21.22]. In the Systolic Hypertension in the Elderly
Program (SHEP), 7.2% of the patients developed hypokalae-
mia after 1 year of treatment with chlorthalidone up to
25 mg. [23]. In the Anthypertensive and Lipid-Lowering
Treatment to Prevent Heart Attack Trial (ALLHAT), use of
clorthalidone (12.5 and 25 mg/day) produced hypokalaemia in
12.7% of patients at 2 years and 8.5% at 4 years [24]. The use of
diuretics in combination with ACE inhibitors (ACElIs), angio-
tensin receptor blockers (ARBs) or B-blockers, minimises the
incidence of hypokalaemia, as the last drugs tend to reduce the
renal excretion of K'. In the recenty published Avoiding
Cardiovascular Events through Combination Therapy in
Patients Living with Systolic Hypertension (ACCOMPLISH)
study, in patients receiving combination of the ACEI bena-
zepril with hydrochlorothiazide 12.5 or 25 mg, only 0.3%
presented hypokalaemia during 3 years of follow-up [25].

Diuretic-induced hypokalaemia has several adverse conse-
quences. A number of previous clinical trials using large doses
of thiazide diuretics has shown an association between hypo-
kalaemia and ventricular arthythmias, particularly premature
ventricular contractions [26,27], whereas other studies suggest
an increase in sudden cardiac death with nonpotassium-
sparing diuretics [2829]. In the SHEP study, the 7.2% of
chlorothalidone-treated patients who developed hypokalaemia
did not show the treatment benefits on coronary events and
stroke presented in similarly-treated, but normokalaemic
patients [23]. These cardiac implications of diuretic-induced
hypokalaemia remain controversial, as the issue is confused by
several factors, including the inconstant relationship between
serum K" concentrations and total body K* deficits during
diuretic therapy and the fact that in most relevant studies
serum K" values have not been measured frequently enough or
under standardised conditions to allow sufficient knowledge of
‘average’ K" value at the time of an event [8]. However, the
consequences of diuretic-related hypokalaemia are more pro-
nounced in predisposed patients, that is, those with left
ventricular hypertrophy, congestive heart failure, myocardial
ischaemia or under digitalis treatment. The association
between diuretic-related hypokalaemia and digitalis toxicity
is well documented in clinical studies showing that patients
under concomitant treatment with diuretics and digitalis had
an ~ 1.5-fold higher risk of digitalis toxicity compared to those
treated with digitalis alone [8,30]. Based on these observations,
it seems reasonable to propose closer monitoring of serum K*
levels in these patients and restoration of K* deficits especially
when patients develop arrhythmias and need hospitalisa-
tion (31,32]. Thiazide-induced hypokalaemia may also contrib-
ute to glucose intolerance with this class of diuretics, as it
reduces both insulin secretion and insulin sensitivity (33,34]. In
a recent quantitative analysis of such as trials containing 83
thiazide diuretic study arms, a significant inverse relationship
between serum potassium and glucose levels was noted;
however, it appeared that the glucose intolerance with diuretic
therapy could not be totally explained by hypokalaemia [35].
Finally, hypokalaemia may interfere with blood pressure (BP)
reduction, through various mechanisms (3¢. Dietary potas-
sium depletion was associated with BP increase (57], while in a
small study K* supplementation (average increase in serum K*
of 0.56 mmol/l) to correct hypokalaemia in diuretic-treated
patients was followed by a 5.5 mmHg average fall in
mean BP [38].

Prevention of hypokalaemia should be an additional goal in
all patients treated with diuretics. Serum Na® and K* levels
should be regularly monitored in such patients. Use of the
lowest effective dose (especially for hypertension), intake of a
diet low in sodium and rich in potassium, and combination
with agents with potassium sparing properties (i.e., ACElIs,
ARBs or B-blockers) as needed may be effective measures to
prevent or reverse hypokalaemia (321]. If the above measures
are not capable of correcting K* levels (especially in the
presence of additional morbid factors, such as congestive heart
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Table 2. Risk factors for development of hyperkalaemia
with potassium sparing diuretics.

Impaired renal function
Hyporeninaemic hypoaldosteronism

Diabetes mellitus with high glucose levels or hyporeninaemic
hypoaldosteronism

Advanced stages of heart failure with accompanying reductions in
renal function

Increased doses of potassium sparing agents
Pre-therapy serum K' >4.5 mEq/l

Concurrent high potassium diet, potassium supplements or salt
substitutes

Volume depletion
Loop and/or thiazide diuretic-related
Intercurrent illnesses (typically gastrointestinal)
Older age (related to level of renal function)
Caucasian race
Commonly used drugs that modify potassium homeostasis
Non-steroidal anti-inflammatory drugs or COX inhibitors
ACE inhibitors
Angiotensin-receptor blockers
Renin inhibitors
-Blockers
Heparin
Trimethoprim
Pentamidine
Cyclosporine
Tacrolimus

failure, digitalis treatment, cirrhosis), reorganization of the
diuretic regimen with an addition of a potassium-sparing
diuretic or oral K* supplementation may be required [3,21].
Potassium-sparing agents should be prescribed cautiously, as
the combined effects cannot be directly predicted and the risk
of hyperkalaemia exists (see below) [5.8]. When K* supple-
mentation is indicated, potassium chloride is preferred, as it
corrects metabolic alkalosis and intracellular K* deficiency
better than other salts (included in organic fruits) [s39].
Exceptions are use of a carbonic anhydrase inhibitors or
patients with renal stones or osteoporosis in need of reducing
urinary Ca®* loss, where an alkaline salt such as potassium
citrate or bicarbonate is more appropriate [5,40]. Of note, the
addition of K* supplements to thiazide therapy had little effect
on the risk of sudden cardiac death, whereas this risk was
substantially reduced in patients receiving a thiazide and K-
sparing diuretic in combination [28]. This difference could not
be explained by differences in serum K* concentrations,
suggesting that other properties of K'-sparing diuretics
were involved; decreasing urinary losses of magnesium is
one hypothesis, but relevant studies were not sufficient to
test it [8].

Sarafidis, Georgianos & Lasaridis

3. Hyperkalaemia

Hyperkalaemia is a potentially life-threatening condition due
to the risk of ventricular arrhythmias and cardiac arrest when
serum K is severely elevated [41]. Hyperkalaemia can only be a
side effect of potassium-sparing diuretics, all of which increase
serum K" concentrations in a dose-dependent manner [41,42].
This property along with their poor natriuretic efficacy
resulted in use of potassium-sparing mostly in the treatment
of hypertension in combination with other agents to correct
potassium deficiency in patients with (spironolactone and
eplerenone) or without (amiloride and triamterene) mineral-
ocorticoid excess. However, previous data suggested that
hyperkalaemia developed in 8.6% of patients receiving spir-
onolactone and in up to 23% of patients on a kaliuretic
diuretic given potassium-sparing agents alone or with potas-
sium supplements to treat or prevent hypokalaemia [5.22].
Consequently, potassium-sparing agents were a contributing
factor in ~ 5 — 15% of hospital-acquired hyperkalaemia [43].

Although hyperkalaemia (serum K* >5.5 mmol/l) may
occur with any of the potassium-sparing agents, current
knowledge suggests that this is rather uncommon in the
absence of additional predisposing factors [2144] listed
in Table 2. Among these factors, the most common in clinical
practice seems to be impaired renal function (especially in
older individuals) or use of medications interfering with
potassium secretion such as ACEIs, ARBs, B-blockers and
non-steroidal anti-inflammatory agents [(15.8]. The recently
demonstrated beneficial effects of spironolactone and epler-
enone in patients with heart failure (4546 along with the
current evidence for their efficacy in resistant hyperten-
sion [47,48] resulted in increase in the use of these agents in
daily clinical practice; thus, it seems reasonable that clinical
problems related to hyperkalaemia would be exaggerated, as a
degree of renal failure and concomitant use of ACEIs, ARBs
and PB-blockers are very common among patients with heart
failure or resistant hypertension [8,49). Data from both clinical
studies and clinical practice support this hypothesis. The
Randomized Aldactone Evaluation Study (RALES) of spir-
onolactone in heart failure [45] was preceded by a short, dose-
finding study in which hyperkalaemia (serum K* > 5.5 mEq/I)
occurred more commonly than in previous studies, that is, in
13, 20 and 24% of heart failure patients treated with spir-
onolactone 25, 50, and 75 mg/d, respectively [50]. Thus, in the
main RALES trial, investigators selected the dose of 25 mg.
Further, a report from a Toronto health provider has shown
that the much greater use in the community patients with
heart failure of spironolactone following the publication of the
RALES trial has largely increased the complications of hyper-
kalaemia; hospitalisations for hyperkalaemia rose from
2.4/1000 admitted patients in 1994 to 11/1000 admitted
patients in 2001 and in-hospital death from hyperkalaemia
rose from 0.3/1000 to 2/1000 over the same period [51].
Specific  recommendations exist regarding appropriate
administration and contraindications for the wuse of
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Table 3. Risk factors for development of hyponatraemia
with diuretics.

Older age

Female gender

Low body mass

Low sodium diet

Behavioral disturbances that may increase water intake
Psychogenic polydipsia
Psychosis

Volume depletion with excess sodium loss (i.e., after stimulation of
thirst leading to increased water intake and ADH secretion leading
to water retention)

Diminished capacity to excrete free water (i.e., impaired renal
function)

Coexisting potassium or magnesium depletion
Coexisting glucocorticoid deficiency or hypothyroidism
Concurrent use of other medications that alter water homeostasis
Antidepressants
Antiepileptic drugs
Antipsychotic drugs
Non-steroidal anti-inflammatory drugs or opiates
Anticancer agents (vinca alkaloids, cisplatin, cyclophosphamide)
Chloropropamide

ADH: Antidiuretic hormone.

aldosterone antagonists in an attempt to minimise the risk of
hyperkalaemia in patients with heart failure (52). Aldosterone
antagonists are contraindicated in patients with baseline serum
K" levels above 5 mEq/l; concomitant use of non-steroid anti-
inflammatory drugs, COX-2 inhibitors and potassium supple-
ments should be avoided. The initial doses recommended are
12.5 mg for spironolactone and 25 mg for eplerenone, with
close monitoring of serum K" levels and renal function for at
least the first 3 months after initiating therapy [52]. Elevation of
serum K" levels above 5.5 mEq/l during treatment requires
discontinuation or dose reduction of the aldosterone antag-
onist, unless patients have been receiving potassium supple-
mentation, which should then be stopped (521. Thus, the use of
potassium-sparing agents must be very cautious when any of
the factors of Table 2 are present and treatment decisions
should be guided by detailed evaluation of treatment benefits
and costs for the patient.

4. Hyponatraemia

Hyponatraemia can be either a result of water retention or loss
of effective solute (Na* and K*) in excess of water [53]. The
capacity of normal kidney to excrete water is great, but for
maximal renal excretion of electrolyte-free water, three con-
ditions must be met: the delivery of tubular fluid to the
diluting sites (the loop of Henle and the distal convoluted
tubule) must be normal, the ability of the diluting sites to

reabsorb solute must be normal and antidiuretic hormone
(ADH) must be suppressed so that water is not reabsorbed in
the collecting duct 5]. Thiazides and thiazide-related diuretics
act by blocking NaCl reabsorption at the distal convoluted
tubule, which is the major diluting site, thereby, significantly
impairing the renal diluting capacity (1-3]. Loop diuretics
impair Na®, K" and CI reabsorption in the thick ascending
limp of the loop of Henle (a less important diluting site),
which on one hand blunts renal diluting capacity, but on the
other decreases the osmolality of medullary interstitium,
providing the driving force for ADH-induced water absorp-
tion at the collecting duct, impairing also renal concentrating
capacity [1-3]. Therefore, the major impairment of free water
clearance and achievement of maximally dilute urine results
from thiazide treatment, whereas loop diuretics have a lesser
effect. Carbonic anhydrase inhibitors and osmotic agents do
not interfere with the kidney diluting capacity, as their site of
action is distinct from the renal diluting sites. Potassium-
sparing diuretics also act in a site that does not play a major
role in production of diluted urine. However, addition of a
potassium-sparing diuretic to a thiazide treatment may dete-
riorate hyponatraemia, as it further reduces the total amount
the amount of Na" that is reabsorbed; this has been shown for
the combination of hydrochlorothiazide with amiloride [53,54].

Diuretic-induced volume depletion also causes a relative
decrease of glomerular filtration rate and more avid proximal
tubular Na* reabsorption, which both reduce solute delivery to
the diluting sites [5]. The underlying disease of the patient (i.e.,
congestive heart failure, hepatic cirrhosis) may itself decrease
effective intravascular volume and enlarge this effect. Further,
volume and sodium depletion from excessive diuretic effect
leads to a volume stimulus to ADH release. Overall, diuretics
can interfere with all three requirements for production of
maximum diluted urine.

Diuretics are a very common cause of hyponatraemia,
especially in the out-patient setting (55-57]. Thiazides and
thiazide-related agents (chlorthalidone, indapamide) are
implicated most often, but furosemide, metolazone, spirono-
lactone, and combinations of thiazides with amiloride or
triamterene may also be responsible [5,53,56,58,591. A previous
review suggested that 73% of cases were associated with use of
thiazide-related agents, 6% with furosemide and only 1% with
spironolactone [56]. Thus, thiazides and related-agents are
> 10-fold more likely than loop diuretics to produce hypona-
traemia [60]. Thiazide-induced hyponatraemia usually devel-
ops within 2 weeks after initiation of therapy, whereas
furosemide-induced hyponatraemia occurs after a longer
interval [56,601; however, thiazide-related hyponatraemia can
occur on a delayed basis even after several years of therapy,
when additional factors are added [61], as those shown
in Table 3. The elderly seem to carry the greatest risk for
diuretic-induced hyponatraemia, with incidence rising up to
11% among geriatric patients [60,62,63]; interestingly,
the majority of affected individuals are female (56,5862
Concurrent use of other medications that impair water
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excretion, low body mass, as well as psychosis or other
behavioral disturbances that may increase water intake also
enhance the risk of hyponatraemia during thiazide treat-
ment [5,5864]. Although the apparent female predominance
in thiazide-induced hyponatraemia could be related to over-
representation of females in thiazide-treated cohorts, a real
intrinsic susceptibility of females may also be the case, due to
factors such as older age, reduced body mass, exaggerated
natriuretic response to a thiazide diuretic, diminished capacity
to excrete free water and self-imposed water intake [61,65].

Several studies have tried to explore the underlying path-
ophysiologic mechanisms for diuretic-related hyponatraemia.
Although the overall picture is not totally clear, these mechan-
isms have been recently summarised (53] and include the
following, in order of possible relative prevalence and/or
importance: i) direct inhibition of urinary dilution capacity
by diminishing NaCl reabsorption in the diluting seg-
ments [1-3,58]; ii) excess renal loss of effective solutes (Na*
and K*) compared to water loss resulting both from diuretic-
action and ADH-induced water retention [58]; iii) appropriate
stimulation of ADH secretion due to diuretic-induced volume
depletion [2,66); iv) stimulation of thirst [5,56]; v) the coexisting
hypokalaemia that lead to small transcellular cation exchange
with K" moving intracellularly and Na* moving intracellularly
to preserve electroneutrality [67); vi) excessive ADH secretion,
due to osmostat reset with normal diluting capacity at low
serum Na' concentrations, an effect probably occurring from
thiazide-induced intracellular potassium depletion [5,55,58,68];
vii) impaired renal function leading to reduced free-water
clearance in the presence of normal ADH suppression [5,63];
and viii) magnesium depletion [69].

Prevention of diuretic-induced hyponatraemia involves
adequate monitoring of serum Na®; this should be within
the first few weeks of thiazide treatment (particularly in elderly
women) and in regular intervals afterwards [5]. In patients with
a previous episode of hyponatraemia, thiazides should be used
with greater caution, if at all; loop agents may be a better
choice in this setting when diuretic treatment is needed [5].
Mild diuretic-related hyponatraemia (typically between
125 — 135 mmol/l) is usually asymptomatic and can be
treated with several actions (which are not necessarily mutually
exclusive). These include withdrawing the diuretic agent (or
switching thiazide to loop diuretic if diuretic therapy remains
necessary), restricting free-water intake, replacing K* and
Mg** losses, and replenishing NaCl if the patient is
volume depleted [2.5870]. Severe hyponatraemia (generally
<125 mmol/l) is presented with CNS symptoms, due mainly
to oedema of brain cells: headache, nausea, vomiting, aggres-
siveness, disorientation, and in heavier cases (usually
<115 — 120 mmol/l) lethargic state, coma and seizures. Severe
hyponatraemia with heavy neurologic symptoms represents a
true medical emergency and needs intensive treatment, which
is still surrounded by controversy [2,70]. The major problem in
this setting is that rapid correction or overcorrection of
hyponatraemia is associated with the osmotic demyelinating
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syndrome, which leads to permanent brain damage (56,71,72).
Thus, the risks of ongoing hyponatraemia must be balanced
against those of too rapid correction. Observations suggest
that no neurologic complications present in patients in whom
hyponatraemia is corrected with a rate < 12 mmol/l in the first
24 h, a rate < 18 mmol/l in the first 48 h, or an average rate
<0.55 mmol/(I h) [73). Thus, recommendations are that
plasma Na® should be corrected by no >0.5 mmol/(l h)
during the first 24 h, a rate that should be slowed once
mild hyponatraemia (125 — 130 mmol/l) has been reached
or symptoms have abated [2,65,74].

5. Disorders of magnesium homeostasis

The major part of the filtered Mg2+ (50 = 70%) is reabsorbed
in the thick ascending limb of the loop of Henle driven by the
lumen positive voltage at this segment created by Na" trans-
port through the Na'-K'-2Cl" co-transporter; another
25 — 35% of Mg>* is reabsorbed at the proximal tubule
and 10% is reabsorbed in the distal convoluted tubule [75].
Loop diuretics have been consistently reported to inhibit Mg**
reabsorption and cause magnesium depletion and probably
hypomagnesaemia with either intensive short-term or mod-
erate long-term treatment [5.75.76]. The effects of thiazides on
renal Mg excretion are more difficult to reconcile with their
known transport effects. It seems that thiazides have little
acute effect on Mg”* homeostasis, whereas, chronic adminis-
tration tends to increase Mg”* excretion [4,75-77. The mechan-
isms involved in thiazide-induced hypomagnesaemia are not
totally clear but seem to include several conditions that
independently induce urinary Mg>* loss, such as induction
of hypokalaemia, suppression of parathyroid hormone secre-
tion (caused by the thiazide anticalciuric effect) and secondary
hyperaldosteronism due to volume depletion, as elevated
aldosterone levels were shown to enhance renal Mg* excretion
in animal studies [4,5,78]. In addition, experimental studies have
shown that chronic thiazide treatment reduces the renal
mRNA expression and protein abundance of an epithelial
Mg2+ channel, named receptor  potential
subfamily M, members 6 (Trpm6), suggesting that Trpm6
downregulation may represent a general mechanism involved
in the pathogenesis of hypomagnesaemia accompanying

transient

Na*-K"-2CI" co-transporter inhibition or inactivation [79].
Severe hypomagnesaemia can be associated with several
electrocardiographic changes up to supraventricular and ven-
tricular tachyarrhythmias, as well as neurological changes,
which are usually nonspecific and include mental status
changes and/or neuromuscular irritability [65.80]. As with
hypokalaemia, the clinical significance of hypomagnesaemia
during diuretic treatment is not fully elucidated [5]. Magne-
sium depletion and hypomagnesaemia when the above diure-
tics are used is usually mild, possibly because of increased
proximal tubular reabsorption of Mg** induced by the volume
depletion [57]. Prolonged therapy with thiazide and
loop diuretics can be related to average reductions in serum
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Mg2+ concentration by 5 — 10% [5,81]. Thus, routine mon-
itoring and treatment of hypomagnesaemia in all patients
receiving loop diuretics or thiazides is rather not indi-
cated [5,82. However, cellular Mg** depletion may occur in
up to 50% of patients receiving diuretics and can be present
despite normal serum Mg>* concentrations [6583]. Further,
patients with congestive heart failure, and/or secondary hyper-
aldosteronism who receive high doses of loop diuretics on a
chronic basis, as well as the elderly patients with poor dietary
magnesium intake or high alcohol intake may be at increased
risk of severe hypomagnesaemia (56584 and seem to need
closer Mg?* surveillance. Several issues also arise concerning
the treatment of diuretic-related hypomagnesaemia. In the
presence of tachyarrhythmias, hypomagnesaemia should
rather be rapidly treated; this should rather be the case in
hypomagnesaemia with neuromuscular manifestations [65].
With regards to BP control, however, there appears to be
little additional reduction in BP when Mg®" deficiency is
corrected, a case that differs from BP reduction seen in some
studies when Mg”* supplementation takes place in a non-
deficient state [65,85]. Of note, as discussed above, Mg”" is an
important factor for K" homeostasis. Many patients with
hypokalaemia (up to about 40% in some studies) have also
low serum Mg2+ concentrations, and it has been shown that
this hypomagnesaemia could lead to refractory potassium
repletion [65,86,87]. Thus, presence of hypokalaemia should
prompt for measurement of serum Mg>" and correction of the
Mg2+ depletion, if present [86]. Parenteral Mg2+ is the most
effective way of correcting hypomagnesaemia but should be
withheld for emergency conditions [65]. Several oral Mg2+ salts
are available for the treatment of less severe Mg”" deple-
tion [65,88]; this could be accompanied by foods rich in Mg**,
such as whole-grain cereals, green vegetables, nuts, cocoa and
seafood [4,65].

Potassium-sparing diuretics reduce Mg2+ excretion; this
action may take part in the collecting duct, where only a
small amount of Mg?* is reabsorbed, but also at the distal
convoluted tubule [7578]. Aldosterone antagonists may also
inhibit renal Mg** excretion caused by elevated aldosterone
levels (41. Due to this effect, potassium-sparing diuretics can be
used to correct Mg”* loss associated with the use of more
proximally active diuretics [5,78]. Amiloride in particular has
been used effectively to treat idiopathic renal magnesium
wasting [78,89].

6. Disorders of calcium homeostasis

Thiazide and thiazide-related diuretics stimulate Ca®* reab-
sorption and reduce Ca®* excretion by 40 — 50%, an effect
useful for the treatment of nephrolithiasis from idiopathically
increased urinary Ca”" excretion [90]. Distinct mechanisms can
be responsible for this action. First, thiazides inhibit Na*
reabsorption without inhibiting Ca®* reabsorption in the
distal convoluted tubule, as this is a site where natriuresis
and calciuresis are separated; this results in volume depletion

which, in turn, increases both proximal Na* and Ca®* reab-
sorption making net renal Ca®* secretion to fall. This mech-
anism is supported by the fact that the decrease in renal Ca**
excretion can be abolished when thiazide-induced Na™ losses
are replaced [5]. On the other hand, thiazides increase distal
Ca®" reabsorption. These agents were shown to stimulate Ca**
reabsorption in isolated distal tubule cell luminal membrane
vesicle preparations, an effect lost when luminal Na+ con-
centration is increased [91]. At the cellular level, this effect may
take place through opening of voltage-dependent transient
cation channels due to electrically negative tubular cell inte-
rior, which results from Cl” re-entry from the interstitium,
through increased 3Na*-Ca®* exchange at the basolateral
membrane following thiazide-induced reductions in intracel-
lular Na* and other, less known mechanisms [3]. Other factors
possibly involved in an increase in serum calcium during
thiazide treatment are direct stimulation of bone reabsorption
from thiazides or the relative hyperproteinaemia resulting
from volume contraction, which can increase the bound
calcium concentration [4,5].

Thiazides produce only a mild elevation in serum calcium
levels (usually 0.1 — 0.2 mg/dl) in healthy individuals [21]. The
fact that serum calcium does not continue to rise in the face of
continuing increased Ca”* reabsorption is practically the result
of parathyroid hormone suppression resulting in retention of
bone calcium [92] and reduced vitamin D synthesis followed by
reduced intestinal Ca®* absorption [931. In this context, evi-
dence deriving from clinical studies suggests that thiazides may
exert beneficial effects on prevention and treatment of age-
related osteoporosis [94]. In particular, observational studies
have associated long-term thiazide use with fewer fractures and
lower rates of bone loss [94], whereas recently published
randomised controlled trials have shown that hydrochlorothi-
azide treatment preserved cortical mineral bone density at the
hip and spine in normal postmenopausal women, suggesting
that thiazides may represent an additional tool in the preven-
tion and treatment of osteoporosis [(95,96]. Discontinuation of
thiazides leads to rapid restoration of the serum calcium
levels (971. Modest and severe hypercalcaemia (> 12 mg/dl)
during thiazide therapy will only occur in individuals with
another underlying cause, that is, those with immobilization
hypercalciuria, primary hyperparathyroidism or vitamin D
treated hypoparathyroidism who cannot reduce parathyroid
hormone in response to a subclinical rise in serum calcium
level. Thus, when hypercalcaemia develops during thiazide
treatment, an underlying disorder of calcium homeostasis
should be suspected (971. The potassium-sparing diuretic
amiloride was also reported in some animal studies to directly
increase distal Ca** reabsorption, thus, causing mild
hypercalcaemia [98,99], but this effect is not extensively studied
in humans.

Loop diuretics cause urine Ca>* loss as they impair electric
voltage positive to the lumen that is responsible for Ca** and
Mg** reabsorption at the thick ascending limb [1,3,100].
Treatment with loop diuretics is not usually accompanied
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by important hypocalcaemia, due to the calcium homeostatic
mechanisms discussed above. However, this calciuretic action
has been successfully used to treat hypercalcaemia following the
correction of associated volume depletion [97,101]. It has to be
noted that hypomagnesaemia of any cause, including therapy
with loop or thiazide diuretics, can independently cause hypo-
calcaemia because of either decreased release or decreased
action of parathyroid hormone [s41. Importantly, this Mg**
depletion can make hypocalcaemia refractory to treatment [65].
Thus, when hypocalcaemia is present in patients receiving
diuretics, Mg depletion should be suspected and corrected.

7. Acid-base disorders

Inhibition of carbonic anhydrase in the proximal tubule
results in impaired Na* and HCOj' reabsorption [1,3]. Car-
bonic anhydrase-induced HCOj3™ renal excretion may be
beneficial in the treatment of metabolic alkalosis in patients
with reduced respiratory drive and to protect against acute
altitude sickness [1,3. However, this loss of HCO3; may often
result in modest to severe metabolic acidosis, which is not
without problems. A previous study comparing elderly
patients with glaucoma patients receiving 250 — 1000 mg
of acetazolamide daily with patients not receiving carbonic
anhydrase inhibitors showed that 55% of acetazolamide-
treated patients developed metabolic acidosis, with 41% of
them exhibiting a venous pH below 7.29. The mean tCO, of
acetazolamide-treated patients was significantly lower than
that of controls (19.6 + 4.1 versus 24.3 + 5.2 mEq/l) (o2
Another study suggested that this metabolic acidosis could
have important symptoms, as 44% of patients receiving
acetazolamide or methazolamide developed malaise, fatigue
and anorexia that resolved with bicarbonate supplementation;
again, the tCO; level of symptomatic patients was significantly
lower than that of patients who remained asymptomatic [16].
The elderly are at the greatest risk for acetazolamide-related
metabolic acidosis, not only because they are most likely to be
receiving glaucoma treatment but also because of the
age-associated decline in renal function that may result in
acetazolamide accumulation in plasma [103].
Potassium-sparing diuretics also produce metabolic acido-
sis. Inhibition of the Na® movement through the apical
membrane of the principal calls impairs the creation of the
lumen-negative voltage gradient and, therefore, inhibits (apart
from K" secretion) electrogenic H* secretion into the tubular
lumen [104,105]. Coexisting hyperkalaemia impairs renal
ammoniagenesis and, thus, reduces the amount of urinary
buffer available (5. Taken together, the above two effects
reduce net acid excretion; patients may have an acid urine,
but they also are unable to acidify maximally [1]. Hyperka-
laemia also promotes the maintenance of metabolic acidosis
through increased K" transport from the extracellular to the
intracellular compartment in exchange with H*. The charac-
teristic presentation of a hyperchloraemic metabolic acidosis
with hyperkalaemia in patients treated with potassium-sparing
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diuretics resembles type IV renal tubular acidosis [106]. Patients
with renal insufficiency, congestive heart failure, as well as the
elderly are particularly susceptible to developing severe met-
abolic acidosis when treated with potassium-sparing diure-
tics [65,107); thus, particular attention should be paid to
monitoring pH levels in such patients. Correction of meta-
bolic acidosis may take place (depending on the severity and
the co-existing morbidities of each case) by reduction or
discontinuation of acetazolamide or potassium-sparing agents,
addition of a thiazide or a loop diuretic, correction of
hyperkalaemia, treatment of co-morbid conditions and
HCOj supplementation.

Mild metabolic alkalosis is a frequent feature of loop or
thiazide diuretic therapy, particularly at higher doses. Severe
metabolic alkalosis is much less common and, when it occurs,
is a manifestation of overly aggressive therapy, usually with
loop diuretics [3.651. Metabolic alkalosis induced by these
agents is an adverse factor in patients with cirrhosis and
ascites, in whom it may provoke hepatic coma by partitioning
ammonia into the brain and in patients with chronic obstruc-
tive pulmonary disease, in whom it may further reduce
ventilation [2]. Metabolic alkalosis also impairs the natriuretic
response to loop diuretics and may play a role in the diuretic
resistance to these agents [108]. The generation of metabolic
alkalosis with loop or thiazide diuretic therapy is due to
urinary losses of Na” and CI, without respective losses of
HCOj', that is, production of a relatively HCOj3 free
urine [3,5.65. With regard to mannitol, the osmotic effect in
the proximal tubule causes some excretion of HCOj’, but the
effect at the loop of Henle predominates, so that Na* and CI’
are mainly excreted with the urine, producing also metabolic
alkalosis (1. Maintenance of metabolic alkalosis is promoted
by various factors. Secondary hyperaldosteronism resulting
from volume depletion directly stimulates distal nephron H*
secretion in exchange with Na*. Volume depletion is also
responsible for increase in the proximal tubular Na® reab-
sorption in exchange with H* by the Na*-H" co-transporter.
Lack of CI is very important in the maintenance of metabolic
alkalosis as it may also impair HCOj3 secretion or promote H*
secretion in the distal tubule [5,109). Coexisting hypokalaemia
also promotes the maintenance of metabolic alkalosis through
increased K" transport from the interior of every body cell in
exchange with H" in an attempt to restore serum K" levels.
Diuretic-induced metabolic alkalosis is best managed by
administration of CI" as KCI and/or NaCl (although NaCl
administration may be cumbersome in patients intolerant to
intravenous saline, such as those with congestive heart failure).
In several cases, a potassium-sparing diuretic or a carbonic
anhydrase inhibitor should be also considered (2.

8. Conclusion

The extensive use of diuretic agents have provided an impor-
tant hold towards treatment of major medical disorders but
was also associated with a number of adverse effects, among
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which disorders of electrolyte and acid—base balance are of
major importance. The long research on the diuretic com-
pounds has provided detailed insight into their mechanism of
action and pharmacologic properties, which is of great help
towards understanding of the development of electrolyte and
acid-base abnormalities for each diuretic class. Further, accu-
mulating evidence from relevant clinical studies provides us
with extended information on the relative frequency and
associated risks of the above diuretic-related disturbances.
All this knowledge, along with future research findings, should
be carefully translated by clinicians into prompt monitoring,
adequate prevention and effective treatment of electrolyte and
acid-base abnormalities, in order to achieve the maximum
benefits of diuretic therapy for their patients.

9. Expert opinion

Electrolyte and acid-base abnormalities are very important
side effects of the various diuretic agents, and can be associated
with considerable morbidity and mortality. Loss of K* leading
to hypokalaemia seems to be the most common electrolyte
disorder linked to diuretic use. Previous clinical studies have
shown that the frequency of hypokalaemia differs between the
various diuretic classes. Thiazides and related agents are more
often associated with hypokalaemia than loop diuretics, when
the latter are used in equivalent doses. Further, the possibility
of thiazide-related hypokalaemia is increasing with dose.
Similarly, clinical experience suggests that when high doses
of loop agents are used to ensure adequate diuresis in hospi-
talised patients, the risk of hypokalaemia is importantly
elevated. Older clinicians can also argue that the shift in
hypertension treatment towards use of lower doses of thiazides
and the increasingly common use of diuretic-RAS blocker
combinations for hypertension and heart failure during the
last 20 years have greatly helped towards reduction of
hypokalaemia in the community.

Diuretic-induced hypokalaemia is associated with a number
of adverse consequences. An association of hypokalaemia with
ventricular arrhythmias and sudden cardiac death was noted in
several clinical trials of diuretics and several factors predis-
posing to these cardiac complications of hypokalaemia are
described. However, because the documented associations of
hypokalaemia and cardiac risk are confounded by several
issues, future research is needed to delineate issues including
the exact cardiac risk in relation to the level of serum K" and
the type of co-morbid conditions, the level of serum K*
requiring intervention given the characteristics of the patient,
the optimum type of intervention (dose adjustment or dis-
continuation of the diuretic, combination treatment with
potassium-sparing agents, use of potassium supplements)
and others. Background and clinical evidence also suggests
that thiazide-induced hypokalaemia contributes to glucose
intolerance of thiazides. This is a very important observation,
at a time when the effects of the various antihypertensive
classes on glucose tolerance is a field of great research interest

and a debate is active on whether new-onset diabetes during
diuretic treatment carries similar cardiovascular risk with pre-
existing diabetes [110]. Finally, population data and small
clinical studies suggest that hypokalaemia may interfere
with BP reduction; however, further research is again needed
in order to clarify the exact degree of BP increase for each level
of serum K" or total body potassium and the exact benefits of
K" supplementation towards BP control.

Hyperkalaemia is a side effect of potassium-sparing diure-
tics with well-established associations with arrhythmias and
cardiac death. A number of factors elevate the risk of hyper-
kalaemia, several of which become increasingly common, that
is, chronic kidney disease (CKD), uncontrolled diabetes
mellitus, or use of ACEIs, ARBs and -blockers for concom-
itant conditions. Further, in the past few years a new aldo-
sterone-blocker, eplerenone, was released in the market and
the class gained new possible indications, including heart
failure and resistant hypertension. As expected, and quickly
captured from relevant studies [51], this increase in aldoste-
rone-blocker use resulted in a burst in the incidence of
hyperkalaemia and related complications. We must note
that depending on the frequency of clinical use of aldoste-
rone-blockers in the next years, the whole field of the
diuretic-related side effects may change considerably and
hyperkalaemia may become the most important clinical prob-
lem. In every case, the above observations represent a clear
example on the possible risks that may appear when a
therapeutic intervention proven successful in clinical studies
is used in the real world, and highlights the importance of the
responsibility of the medical community and the need for
continuous, post-marketing surveillance studies. Performance
of several such studies (including different patient and ethnic
populations) in the near future seems currently the most
important research direction in the field of diuretic side effects;
the findings of these studies should complement existing data
on the benefits of aldosterone-blockers, in order to fully
elucidate the benefit:risk ratio of their clinical use.

Thiazides and thiazide-related diuretics are the agents most
possible to impair the renal diluting capacity and thus produce
hyponatraemia, followed by loop diuretics. In everyday clin-
ical practice hyponatraemia seems also to be an increasing
problem, mainly due to the increased number of elderly
individuals with multiple underlying disorders who are chron-
ically treated with diuretics and often receive other medica-
tions affecting water homeostasis, have diminished sodium
intake and suffer from impaired renal function leading to
reduced free-water clearance. Given this increasing impor-
tance of hyponatraemia, a number of questions in the field
should be further clarified by future research. One such
question relates to the exact factors predisposing to hypo-
natraemia, especially with regard to the apparent greater
susceptibility of female individuals, in order to establish clear
monitoring and prevention recommendations for every
patient category. Perhaps even more important for clinical
practice is the clarification of the questions around the risks
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and benefits of hyponatraemia treatment; although current
recommendations seem quite reasonable in relation to avail-
able information, the existing clinical data on the field are
limited and need to be complemented by future studies
clarifying the exact indications and the optimal way to correct
this important disorder.

The effects of the various diuretic classes on magnesium
homeostasis, as well as the clinical significance of related
alterations in Mg>* levels, are less well studied. Chronic
treatment with thiazide and loop diuretics produces small
reductions of serum Mg®* concentration but in several patient
categories (elderly, alcoholic and those with secondary hyper-
aldosteronism), severe hypomagnesaemia may be noted; most
importantly, cellular Mg®* depletion may occur even in
patients with normal serum Mg** concentrations. As the
intracellular Mg?* levels are important for many cellular
processes, future research should elucidate the relation between
serum and intracellular Mg** levels during diuretic treatment
and the consequences of intracellular Mg** depletion. More-
over, future studies should better identify the patient categories
at risk for hypomagnesaemia to establish detailed monitoring
recommendations and delineate the indications and the
optimal strategy of hypomagnesaemia correction.

Thiazides and loop diuretics have contrasting well-
described effects on Ca®* renal handling that have been quite
useful in the treatment of calcium-related disorders. Evidence
suggests that treatment with either thiazide or loop agents is
not accompanied by important alterations of serum Ca”* due
to the homeostatic circuits that keep serum Ca* levels within
narrow limits. However, at a time when research on bone and
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mineral metabolism in renal disease is greatly extended and
many patients with stages 4 and 5 CKD are treated with loop
diuretics, an interesting question to be clarified from future
research is whether and to what extent the calciuretic action of
loop diuretics could be an additional factor for parathyroid
hormone elevation in these patients.

Carbonic anhydrase inhibitors typically increase renal
HCOj5" loss and previous studies suggest that use of these
agents may result in symptomatic metabolic acidosis, espe-
cially in elderly individuals. This effect is often neglected by
both treating physicians (who are mainly ophthalmologists
prescribing these agents for glaucoma) and other clinicians
called to examine such a patient with nonspecific symptoms of
metabolic acidosis. Again, these important older data should
be followed by more detailed studies, so that clear monitoring
recommendations and treatment indications could be gener-
ated. Mild metabolic alkalosis develops commonly during
thiazide or loop diuretic treatment but is usually without
important consequences. However, in some patients with
multiple underlying conditions requiring aggressive diuretic
treatment, severe metabolic alkalosis may occur and produce
further problems. Correction of metabolic alkalosis in such
patients requires careful handling; NaCl administration may
be difficult in many cases and addition of acetazolamide or
potassium-sparing agent could be an important help.

Declaration of interest

The authors state no conflict of interest and have received no
payment in preparation of this manuscript.

Expert Opin. Drug Saf. (2010) 9(2) 269

RIGHTES

Wy



Expert Opin. Drug Saf. Downloaded from informahealthcare.com by University of Sydney

For personal use only.

Diuretics in clinical practice. Part II: electrolyte and acid-base disorders complicating diuretic therapy

Bibliography
Papers of special note have been highlighted
as either of interest (¢) or of considerable

interest (#®) to readers.

>1. Brater DC. Pharmacology of diuretics.
Am J Med Sci 2000;319:38-50

2. Wilcox CS. Diuretics. In: Brenner BM,
editor, Brenner and Rector’s: the kidney.
7th edition. Saunders, Philadelphia, PA;
2004. p. 2345-79

3. Ellison DH. Edema and the clinical use of
diuretics. In: Greenberg A, Cheung AK,
Coffman TM, Falk RJ, Jennete JC, editors.
Primer on kidney diseases. 4th edition.
Elsevier Saunders, Philadelphia, PA; 2005.
p. 136-48

>4, Liamis G, Milionis H, Elisaf M. Blood
pressure drug therapy and electrolyte
disturbances. Int J Clin Pract
2008;62:1572-80

»s. Greenberg A. Diuretic complications.
Am J Med Sci 2000;319:10-24

6. Giebisch G, Malnic G, Berliner RW.
Control of renal potassium excretion. In:
Brenner BM, Rector FC, editors.
Brenner and Rector’s the kidney. 4th
edition. W.B. Saunders Company,
Philadelphia, PA; 1996. p. 371-407

»7. Wilcox CS. Metabolic and adverse effects
of diuretics. Semin Nephrol
1999;19:557-68

>3 Sica DA. Antihypertensive therapy and its
effects on potassium homeostasis. ] Clin

Hypertens (Greenwich) 2006;8:67-73

»9. Tannen RL. Diuretic-induced
hypokalemia. Kidney Int
1985;28:988-1000

»10. Solomon R. The relationship between
disorders of K+ and Mg+ homeostasis.

Semin Nephrol 1987;7:253-62

»11.  Flynn MA, Nolph GB, Baker AS, et al.
Total body potassium in aging humans: a
longitudinal study. Am J Clin Nutr
1989;50:713-17

»12.  Grimm RH, Cohen JD, Smith WM, et al.
Hypertension management in the Multiple
Risk Factor Intervention Trial (MRFIT).
Six-year intervention results for men in
special intervention and usual care groups.

Arch Intern Med 1985;145:1191-9
> 13. Schnaper HW, Freis ED, Friedman RG,

et al. Potassium restoration in hypertensive
patients made hypokalemic by
hydrochlorothiazide. Arch Intern Med
1989;149:2677-81

»14.

»1s.

»16.

»17.

»13.

»19.

»20.

21.

»22.

»23.

»24.

»2s.

Toner JM, Ramsay LE. Thiazide-induced
hypokalaemia; prevalence higher in
women. Br J Clin Pharmacol
1984;18:449-52 .
Morgan DB, Davidson C. Hypokalaemia
and diuretics: an analysis of publications.
BM] 1980;280:905-8

Epstein DL, Grant WM. Carbonic
anhydrase inhibitor side effects. Serum
chemical analysis. Arch Ophthalmol
1977;95:1378-82

Flack JM, Cushman WC. Evidence for the
efficacy of low-dose diuretic monotherapy.
Am ] Med 1996;101:535-60S

Grobbee DE, Hoes AW.

Non-potassium-sparing diuretics and risk

»26.

»27.

of sudden cardiac death. ] Hypertens
1995;13:1539-45

Weir MR, Prisant LM, Papademetriou V,
et al. Antihypertensive therapy and quality

»23.

of life. Influence of blood pressure
reduction, adverse events, and prior
antihypertensive therapy. Am ] Hypertens
1996;9:854-9

Carlsen JE, Kober L, Torp-Pedersen C,
Johansen P. Relation between dose of
bendrofluazide, antihypertensive effect,
and adverse biochemical effects. BMJ
1990;300:975-8

Kaplan NM. Treatment of hypertension:
drug therapy. In: Kaplan NM, editor.
Clinical hypertension. 9th edition.
Lippincott, Williams & Wilkins,
Philadelphia, PA; 2006. p. 217-310
Widmer P, Maibach R, Kunzi UP, et al.
Diuretic-related hypokalaemia: the role of
diuretics, potassium supplements,

glucocorticoids and beta 2-adrenoceptor

agonists. Results from the comprehensive P33,

hospital drug monitoring programme,
berne (CHDM). Eur ] Clin Pharmacol

1995:49:31-6 -

Franse LV, Pahor M, Di BM. et al.
Hypokalemia associated with diuretic use
and cardiovascular events in the Systolic
Hypertension in the Elderly Program.
Hypertension 2000;35:1025-30

Major outcomes in high-risk hypertensive

patients randomized to

angiotensin-converting enzyme inhibitor P35,

or calcium channel blocker vs diuretic. The
Antihypertensive and Lipid-Lowering
Treatment to Prevent Heart Attack Trial

(ALLHAT). JAMA 2002;288:2981-97 »36.

Jamerson K, Weber MA, Bakris GL, et al.
Benazepril plus amlodipine or

»29.

> 30.

»31.

»32.

hydrochlorothiazide for hypertension in
high-risk patients. N Engl ] Med
2008;359:2417-28

This is the recently published Avoiding
Cardiovascular Events through
Combination Therapy in Patients Living
with Systolic Hypertension
(ACCOMPLISH) clinical trial evaluating
the effect of the combination benazepril
plus amlodipine or hydroclorothiazide in

high risk patients.
Holland OB, Nixon JV, Kuhnert L.

Diuretic-induced ventricular ectopic

activity. Am J Med 1981;70:762-8

Ventricular extrasystoles during thiazide
treatment: substudy of MRC mild
hypertension trial. Br Med J (Clin Res Ed)
1983;287:1249-53

Siscovick DS, Raghunathan TE, Psaty BM,
et al. Diuretic therapy for hypertension and
the risk of primary cardiac arrest.

N Engl ] Med 1994;330:1852-7

Hoes AW, Grobbee DE, Lubsen J, et al.
Diuretics, beta-blockers, and the risk for
sudden cardiac death in hypertensive

patients. Ann Intern Med 1995;123:481-7

Magro L, Conforti A, Del ZF, et al.
Identification of severe potential drug-drug
interactions using an Italian
general-practitioner database.

Eur J Clin Pharmacol 2008;64:303-9

Macdonald JE, Struthers AD. What is the
optimal serum potassium level in
cardiovascular patients? ] Am Coll Cardiol

2004;43:155-61

Steiness E. Diuretics, digitalis and
arrhythmias. Acta Med Scand Suppl
1981;647:75-8

Lithell HO. Effect of antihypertensive
drugs on insulin, glucose, and lipid
metabolism. Diabetes Care 1991;14:203-9

Langford HG, Cutter G, Oberman A, etal.
The effect of thiazide therapy on glucose,
insulin and cholesterol metabolism and of
glucose on potassium: results of a
cross-sectional study in patients from the
Hypertension Detection and Follow-up
Program. ] Hum Hypertens
1990;4:491-500

Zillich AJ, Garg J, Basu S, et al. Thiazide
diuretics, potassium, and the development
of diabetes: a quantitative review.
Hypertension 2006;48:219-24

Coca SG, Perazella MA, Buller GK. The

cardiovascular implications of

270

Expert Opin. Drug Saf. (2010) 9(2)

RIGHTES

Wy



Expert Opin. Drug Saf. Downloaded from informahealthcare.com by University of Sydney

For personal use only.

»37.

>33,

»39.

» 40.

»41.

> 4.

»43.

> 44.

» 45,

» 46.

»47.

»48.

hypokalemia. Am ] Kidney Dis
2005;45:233-47

Krishna GG, Miller E, Kapoor S. Increased
blood pressure during potassium depletion
in normotensive men. N Engl ] Med

1989;320:1177-82
Kaplan NM, Carnegie A, Raskin P, et al.

Potassium supplementation in
hypertensive patients with

diuretic-induced hypokalemia.

N Engl ] Med 1985;312:746-9
Kopyt N, Dalal F, Narins RG. Renal

retention of potassium in fruit.

N Engl ] Med 1985;313:582-3
Frassetto LA, Nash E, Morris RC, et al.

Comparative effects of potassium chloride
and bicarbonate on thiazide-induced
reduction in urinary calcium excretion.

Kidney Int 2000;58:748-52
Perazella MA. Drug-induced

hyperkalemia: old culprits and new
offenders. Am ] Med 2000;109:307-14

Croom KF, Perry CM. Eplerenone: a
review of its use in essential hypertension.

Am ] Cardiovasc Drugs 2005;5:51-69

Acker CG, Johnson JP, Palevsky PM,
Greenberg A. Hyperkalemia in
hospitalized patients: causes, adequacy of
treatment, and results of an attempt to
improve physician compliance with
published therapy guidelines.

Arch Intern Med 1998;158:917-24

Sica DA, Hess M. Pharmacotherapy in
congestive heart failure: aldosterone
receptor antagonism: interface with

hyperkalemia in heart failure.
Congest Heart Fail 2004;10:259-64

Pitt B, Zannad F, Remme WJ, et al. The
effect of spironolactone on morbidity and
mortality in patients with severe heart
failure. Randomized Aldactone Evaluation
Study Investigators. N Engl ] Med
1999;341:709-17

Pitt B, Remme W, Zannad F et al.
Eplerenone, a selective aldosterone blocker,
in patients with left ventricular dysfunction
after myocardial infarction. N Engl ] Med
2003;348:1309-21

Nishizaka MK, Zaman MA, Calhoun DA.
Efficacy of low-dose spironolactone in
subjects with resistant hypertension.

Am ] Hypertens 2003;16:925-30
Chapman N, Dobson J, Wilson S, et al.

Effect of spironolactone on blood pressure

»49.

»50.

»s1.

»52.

»53.

»54.

»5s.

»56.

in subjects with resistant hypertension.
Hypertension 2007;49:839-45

A large study evaluating the efficacy and
tolerability of sprironolactone in patients

with resistant hypertension.

Sarafidis PA, Bakris GL. Resistant
hypertension an overview of evaluation and
treatment. ] Am Coll Cardiol
2008;52:1749-57

A comprehensive review discussing the
clinical evaluation and treatment of

resistant hypertension.

Effectiveness of spironolactone added to an
angiotensin-converting enzyme inhibitor
and a loop diuretic for severe chronic
congestive heart failure (the Randomized
Aldactone Evaluation Study [RALES]).
Am ] Cardiol 1996;78:902-7

Juurlink DN, Mamdani MM, Lee DS,
et al. Rates of hyperkalemia after
publication of the Randomized Aldactone
Evaluation Study. N Engl ] Med
2004;351:543-51

This study is a population-based
time-series analysis examining rates of
hospitalization for hyperkalemia in
ambulatory patients before and after the
publication of the Randomized Aldactone
Evaluation Study (RALES).

Jessup M, Abraham WT, Casey DE, et al.
2009 focused update: ACCF/AHA
Guidelines for the Diagnosis and
Management of Heart Failure in Adults: a
report of the American College of
Cardiology Foundation/American Heart
Association Task Force on Practice
Guidelines: developed in collaboration
with the International Society for Heart
and Lung Transplantation. Circulation

2009;119:1977-2016
Liamis G, Milionis H, Elisaf M. A review

of drug-induced hyponatremia.
Am ] Kidney Dis 2008;52:144-53
An in-depth review on the
pathogenesis and treatment of

drug-induced hyponatremia.

Johnston C, Webb L, Daley J, Spathis GS.
Hyponatraemia and Moduretic-grand mal
seizures: a review. ] R Soc Med

1989;82:479-83
Ashraf N, Locksley R, Arieff Al

Thiazide-induced hyponatremia associated
with death or neurologic damage in
outpatients. Am ] Med 1981;70:1163-8
Sonnenblick M, Friedlander Y, Rosin AJ.

Diuretic-induced severe hyponatremia.

»s7.

»53.

»59.

» 0.

»61.

»G2.

»63.

» 4.

»65.

> 6.

»67.

» 3.

»69.

»70.

Sarafidis, Georgianos & Lasaridis

Review and analysis of 129 reported
patients. Chest 1993;103:601-6

Liamis G, Christidis D, Alexandridis G,
et al. Uric acid homeostasis in the
evaluation of diuretic-induced
hyponatremia. J Investig Med
2007;55:36-44

Spital A. Diuretic-induced hyponatremia.
Am ] Nephrol 1999;19:447-52

Chapman MD, Hanrahan R, McEwen ],
Marley JE. Hyponatraemia and
hypokalaemia due to indapamide.

Med ] Aust 2002;176:219-21

Byatt CM, Millard PH, Levin GE.
Diuretics and electrolyte disturbances in
1000 consecutive geriatric admissions.

J R Soc Med 1990;83:704-8

Chow KM, Szeto CC, Wong TY, et al.
Risk factors for thiazide-induced
hyponatraemia. QJM 2003;96:911-7

Booker JA. Severe symptomatic
hyponatremia in elderly outpatients: the
role of thiazide therapy and stress. ] Am
Geriatr Soc 1984;32:108-13

Clark BA, Shannon RP, Rosa RM,
Epstein FH. Increased susceptibility to
thiazide-induced hyponatremia in the
elderly. ] Am Soc Nephrol
1994;5:1106-11

Shah PJ, Greenberg WM. Water
intoxication precipitated by thiazide
diuretics in polydipsic psychiatric patients.
Am ] Psychiatry 1991;148:1424-5

Sica DA. Diuretic-related side effects:

development and treatment. ] Clin
Hypertens (Greenwich) 2004;6:532-40

Sonnenblick M, Algur N, Rosin A.
Thiazide-induced hyponatremia and
vasopressin release. Ann Intern Med

1989;110:751

Fichman MP, Vorherr H, Kleeman CR,
Telfer N. Diuretic-induced hyponatremia.
Ann Intern Med 1971;75:853-63

Ghose RR. Reset osmostat after diuretic
treatment. BMJ 1977;2:1063

Dyckner T, Wester PO. Effects of
magnesium infusions in diuretic induced

hyponatraemia. Lancet 1981;1:585-6

Sica DA. Current concepts of
pharmacotherapy in hypertension:
thiazide-type diuretics: ongoing
considerations on mechanism of action.
J Clin Hypertens (Greenwich)
2004;6:661-4

Expert Opin. Drug Saf. (2010) 9(2)

271
RIGHTES

Wy



Expert Opin. Drug Saf. Downloaded from informahealthcare.com by University of Sydney

For personal use only.

Diuretics in clinical practice. Part II: electrolyte and acid-base disorders complicating diuretic therapy

»71.  Ayus JC, Krothapalli RK, Arieff AL muscle of patients receiving diuretic normal postmenopausal women.
Changing concepts in treatment of severe treatment. J Intern Med 1993;233:117-23 Osteoporos Int 2007;18:479-86
symptomatic hyponatremia. Rapid »384.  Elisaf M, Merkouropoulos M, Tsianos EV, »96.  Reid IR, Ames RW, Orr-Walker B, et al.
correction and possible relation to central Siamopoulos KC. Pathogenetic Hydrochlorothiazide reduces loss of
pontine myelinolysis. Am J Med mechanisms of hypomagnesemia in cortical bone in normal postmenopausal
1985;78:897-902 alcoholic patients. ] Trace Elem Med Biol women: a randomized controlled trial.

»72.  Sterns RH, Thomas DJ, Herndon RM. 1995;9:210-14 Am ] Med 2000;109:362-70
Brain dehydration and neurologic »85.  Hatzistavri LS, Sarafidis PA, »97.  Carroll MF, Schade DS. A practical
deterioration after rapid correction of Georgianos PI, et al. Oral magnesium approach to hypercalcemia.
hyponatremia. Kidney Int 1989; 35:69-75 supplementation reduces ambulatory Am Fam Physician 2003;67:1959-66

»73.  Sterns RH, Cappuccio JD, Silver SM, blood pressure in patients with mild »98.  Shimizu T, Nakamura M, Yoshitomi K,
Cohen EP. Neurologic sequelae after hypertension. Am J Hypertens Imai M. Interaction of trichlormethiazide
treatment of severe hyponatremia: a 2009;22:1070-75 or amiloride with PTH in stimulating
multicenter perspective. ] Am Soc Nephrol = ppg¢ Whang R, Whang DD, Ryan MP. Ca2+ absorption in rabbit CNT.
1994;4:1522-30 Refractory potassium repletion. Am ] Physiol 1991;261:F36-43

»74.  Decaux G, Soupart A. Treatment of A consequence of magnesium deficiency.  B99  Friedman PA, Gesek FA. Stimulation of
symptomatic hyponatremia. Am ] Med Sci Arch Intern Med 1992;152:40-5 calcium transport by amiloride in mouse
2003;326:25-30 »87.  Cohn JN, Kowey PR, Whelton PK, distal convoluted tubule cells. Kidney Int

»75.  Quamme GA. Renal magnesium handling: Prisant LM. New guidelines for potassium 1995;48:1427-34
new insights in understanding old replacement in clinical practice: a »100. Shankar SS, Brater DC. Loop diuretics:
problems. Kidney Int 1997;52:1180-95 contemporary review by the National from the Na-K-2Cl transporter to clinical

»76.  Davies DL, Fraser R. Do diuretics cause Council on Potassium in Clinical Practice. use. Am ] Physiol Renal Physiol
magnesium deficiency? Arch Intern Med 2000;160:2429-36 2003;284:F11-21
Br J Clin Pharmacol 1993;36:1-10 »88.  Pak CY. Correction of thiazide-induced »101. Mundy GR, Guise TA. Hypercalcemia of

»77.  Cocco G, Iselin HU, Strozzi C, et al. hypomagnesemia by malignancy. Am ] Med 1997;103:134-45
Magnesium depletion in patients on potassium-magnesium citrate from review » 102 Heller T Halevy J, Cohen S, Theodor E.
long-term chlorthalidone therapy for of prior trials. Clin Nephrol Signiﬁc;;nt metabc;lic acidosi,s induced by
essential hypertension. 2000;54:271-5 acetazolamide. Not a rare complication.
Eur J Clin Pharmacol 1987;32:335-8 »89.  Bundy JT, Connito D, Mahoney MD, Arch Intern Med 1985;145:1815-17

»78.  Ryan MP. Diuretics and potassium/ Pontier PJ. Treatment of idiopathic renal »103. Chapron DJ, Gomolin TH, Sweeney KR
magnesium depletion. Directions for magnesium wasting with amiloride. . Acetazolamicie blood conce’ntrations are .
treatment. Am J Med 1987:82:38-47 Am J Nephrol 1995:15:75-7 excessive in the clderly: propensity for

»79.  Nijenhuis T, Vallon V, van der Kemp AW, »90.  Friedman PA, Bushinsky DA. Diuretic acidosis and relationship to renal function.
et al. Enhanced passive Ca2+ reabsorption effects on calcium metabolism. J Clin Pharmacol 1989;29:348-53
and reduced Mg2+ channel abundance Semin Nephrol 1999;19:551-6 »104. Wagner CA, Geibel JP. Acid-base
explains thiazide-induced hypocalciuria »91.  Lajeunesse D, Brunette MG. The transport in ’the collecting duct. ] Nephrol
and hypomagnesemia. ] Clin Invest hypocalciuric effect of thiazides: 2002;15(Suppl 5):5112-27
2005;115:1651-8 subcellular localization of the action. 105. Palmer BE, Alpern R]. Normal acid-base

»80.  Kingston ME, Al Siba’i MB, Skooge WC. Phlugers Arch 1991;417:454-62 . balance. In’: Feihally ] Floege ]

Clinical manifestations of »92. Rejnmark L, Vestergaard P, Johnson RJ, editors. ’ ,
hypomagnesemia. Crit Care Med Heickendorff L, et al. Effects of thiazide- Comprehensive clinical nephrology. 3rd
1986;14:950-4 and loop-diuretics, alone or in edition. Mosby Elsevier, Philadelphia, PA;

»381.  Kroenke K, Wood DR, Hanley JF. The combination, on calcitropic hormones and 2007. p. 141-57
value of serum magnesium determination biochemical bone markers: a randomized »106. Hulter HN, Licht JH, Glynn RD, et al
in hypertensive patients receiving diuretics. controlled study. J Intern Med . Pathoph sit;lo of cl;ronic renal t,ubula'r
Arch Intern Med 1987;147:1553-6 2001;250:144-53 acidosfi)s ?nducfz by administration of

»82.  Atsmon J, Dolev E. Drug-induced »93.  Sakhace K, Nicar MJ, Glass K, et al. amiloride. ] Lab Clin Med
hypomagnesaemia: scope and Reduction in intestinal calcium absorption 1980;95:637-53
management. Drug Saf 2005;28:763-88 by hydrochlorothiazide in postmenopausal »107. OConnell JE, Colledge NR. Type IV

° A comprehensive overview of osteoporosis. J Clin Endocrinol Metab - renal tubular ;cidosis ind sp.irozolactone
diuretic-induced hypomagnesemia. 1984;59:1057-43 therapy in the elderly. Postgrad Med ]

»83.  Dorup I, Skajaa K, Thybo NK. Oral P94, Sebastian A. Thiazides and bone. 1993;69:887-9
magnesium supplementation restores the Am J Med 2000:109:429-30 »108. Loon NR, Wilcox CS. Mild metabolic
concentrations of magnesium, potassium ~ »95.  Bolland MJ, Ames RW, Horne AM, et al. alkalosis ir’npairs the natriuretic response to
and sodium-potassium pumps in skeletal The effect of treatment with a thiazide bumetanide in normal human subjects.

diuretic for 4 years on bone density in Clin Sci (Lond) 1998;94:287-92
272 Expert Opin. Drug Saf. (2010) 9(2)

RIGHTES



Expert Opin. Drug Saf. Downloaded from informahealthcare.com by University of Sydney

For personal use only.

»109. Galla JH, Gifford JD, Luke RG, Rome L.
Adaptations to chloride-depletion
alkalosis. Am ] Physiol 1991;261:R771-81

»110. Sarafidis PA, Bakris GL. Antihypertensive
therapy and the risk of new-onset diabetes.

Diabetes Care 2006;29:1167-9

Affiliation

Pantelis A Sarafidis’ MD MSc PhD,
Panagiotis I Georgianos MD &

Anastasios N Lasaridis MD PhD

TAuthor for correspondence

Aristotle University of Thessaloniki,
AHEPA Hospital,

Section of Nephrology and Hypertension,
Ist Department of Medicine,

St. Kiriakidi 1, 54636, Thessaloniki, Greece
Tel: +30 2310 994616; Fax: +30 2310 994616,
E-mail: psarafidis11@yahoo.gr

Sarafidis, Georgianos & Lasaridis

Expert Opin. Drug Saf. (2010) 9(2)

273
RIGHTES



