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Preface

Welcome to Fluid and Electrolyte Disorders. This book is intended to offer an up-to-date clinical
text for medical residents, fellows, practicing physicians, and nephrologists in a simple and
easy-to-understand format. Fluid and electrolyte disorders are frequently encountered in clin-
ical practice. Our understanding of the physiology and biochemistry of these disorders has
greatly expanded in recent years. This book aims to discuss the current evidence regarding
the physiology, basic fundamentals, clinical presentation, and management of these disorders
and will help clinicians to manage these disorders effectively. It also aims to bridge the gap
between pathophysiology and clinical manifestation of these disorders. All chapters have
been extensively revised and bound to include the latest developments in the field.

I would like to acknowledge the support of Ms. Marijana Francetic throughout the process
of publication, and would like to dedicate this book to my father, M.A. Nasir, and my late
mother who helped me at every step of my life.

I hope readers will find this open-access text a valuable educational resource.

Usman Mahmood
Darling Downs Hospital and Health Service
Queensland, Australia






Chapter 1

Fluids and Sodium Imbalance: Clinical Implications

Gilda Diaz-Fuentes, Bharat Bajantri and
Sindhaghatta Venkatram

Additional information is available at the end of the chapter
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Abstract

Fluids and electrolytes are basic components of the human body and essential for the
survival of most species. Any imbalance can potentially lead to serious conditions and
death. The replacement of fluids and electrolytes has been used since the ancient age.
Modern medicine still requires certain degree of expertise in these areas, which ranges
from simple replacement in patients with mild illness to a more complex management
in critically ill or hospitalized patients. Training and education in the evaluation and
management of patients with fluids and electrolyte abnormalities are fundamental for
patient’s outcomes. Severe sodium abnormalities are associated with increased morbid-
ity and mortality, and they are markers of poor outcomes. This review presents a concise
discussion of frequently asked questions in the evaluation and management of patients
with fluids and sodium abnormalities.

Keywords: hypernatremia, hyponatremia, fluids, normal saline, ringer lactate, albumin

1. Introduction

The serum sodium (sNa) concentration and thus serum osmolality (sOsm) are closely con-
trolled by water homeostasis, which is mediated by thirst, arginine vasopressin, and the
kidneys. A disruption in this delicate balance is manifested as an abnormality in the sNa
concentration—hyponatremia or hypernatremia and/or hemodynamic instability.

Fluid administration is an integral part of the clinician’s armamentarium to manage a wide
variety of clinical conditions, which range from mild dehydration to more life-threatening
conditions like shock or trauma.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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The goal of this review is to provide a concise discussion regarding fluids and sodium imbal-
ance with an attempt to answer practical clinical questions on those areas. We focus in dis-
cussing basics physiological principles, and addressing the most common clinical challenges
encountered by the practicing clinician.

1.1. Basic physiologic principle of fluids and sodium

The human body is composed of approximately 60% of water of which two-third are in the
intracellular space and one-third in the extracellular space. The extracellular space is com-
posed by the intravascular compartment (~8%), the interstitial compartment (~25%) and the
transcellular compartment like cerebrospinal, pericardial fluid, which is very small [1, 2]. In
the healthy individual, the extracellular fluid (ECF) and intracellular fluid (ICF) are in osmotic
equilibrium, water moves from areas of greater solute concentration to establish equilibrium.
Additionally, osmotically active substance shifts water from lower osmolarity to higher osmo-
larity areas. This is an important concept to understand when we administer intravenous
fluids (IVF), as the distribution of fluids is based on the type of fluid administered.

There is a delicate and complicated transport system of water through cell membranes to
maintain fluids and electrolyte balance. Sodium is the predominant cation in the extracellular
compartment, which is electro-neutralized by chloride (Cl) and bicarbonate (HCO,) as anions.
In the intracellular space, potassium (K) is the major intracellular cation that is neutralized
by many organic and nonorganic anions. The differential distribution of Na and K is tightly
regulated by the sodium pump (Na-K ATPase) [1, 2]. Most osmotically active Na and K are
dissolved and are sourced mostly from food intake. The body’s ability to store sodium in
tissues (bone, cartilage, connective tissue, etc.) prevents large fluctuations in the sNa levels
despite erratic sodium intake [3, 4]. Most of the components in the intracellular compartment
are too large to be able to cross membranes exerting little osmotic pressure.

Estimating the ECF volume based on sNa is highly prone to errors in clinical judgment. The
volume in both, intracellular and extracellular fluids is primarily determined by the concen-
tration of effective solutes that attract water by osmosis. Sodium and its attendant monovalent
anions are the most prevalent effective solutes in ECF volume. The concentration of Na is
determined by content of Na as well as volume of water. The primary tonicity receptor is
located in the hypothalamic osmoreceptor, which is in charge to regulate the antidiuretic
hormone (ADH) or vasopressin. The absence of ADH prevents aquaporin insertion on the
luminal surfaces of collecting ducts in the nephrons forming hypotonic urine. The osmorecep-
tor is linked to both the thirst center and the vasopressin release center via nerve connections.
There is a genetic susceptibility to hyponatremia linked to the gene coding for TRPV4 [2, 5-8].
Disease states releasing ectopic vasopressin or affecting vasopressin receptors will present
with hyponatremia. Less prominent but important trigger for the regulation of vasopressin is
large changes in effective arterial blood volume and blood pressure. Baroreceptors or stretch
receptors in the carotid sinus and aortic arch are surrogates that detect changes in effective
arterial blood volume. Nausea, pain, stress, and a number of other stimuli, including some
drugs can also cause release of vasopressin [5].
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2. Fluids

Intravenous fluids are one of the commonest used medications in hospitalized patients. They
can be broadly categorized as crystalloids and colloids. Crystalloid solutions contain water,
electrolytes with or without glucose. Colloids solutions contain albumin, starch, or other
blood products. Fluids can be isotonic, hypotonic, or hypertonic.

Crystalloids: Common crystalloid solutions include 0.9%-normal saline (NS), 0.45%NS, lac-
tated Ringers solutions (LR), Plasma-Lyte, and dextrose in water. Solutions with electrolyte
compositions closer to that of plasma are called balanced fluids. Composition of commonly
used crystalloids can be seen in Table 1.

Colloids: They can be divided into natural or synthetic. Natural colloidal solutions include red
blood cells, fresh frozen plasma, and human albumin. Indications for the use of packed red
cell and fresh frozen plasma are specific; they provide oxygen carrying capacity and clotting
factors, respectively. Discussion regarding the use of red blood cells and plasma is beyond the
scope of this review.

Synthetic colloidal solutions include hetastarch and dextran. They are used for volume expan-
sion and include hetastarch and dextran.

Colloids can be categorized as hypo oncotic (e.g., gelatins, 4 or 5% albumin) and hyper oncotic
(e.g., dextrans, hydroxyethyl starches (HES), and 20 or 25% albumin) solutions. Table 2
describes the composition of commonly used colloids.

Indications for the use of either crystalloids or colloids depend of the clinical condition.
Volume expansion by fluids is dependent on their osmolality and oncotic pressure. Isotonic
fluids will distribute equally to all fluid compartments without a significant shift across

Solution Na+ Cl- K+ Ca++ Lactate Glucose pH Osmolarity
(mEq/L)  (mEq/) (mEq/L) (mEg/L) (mEq/L) (g/) (mOsm/L)

0.9%NS 154 154 0 0 0 0 pH5.6 308

(4.5-7.0)

0.45 saline 77 77 0 0 0 0 5.0(45-7) 154

(1/2 saline)

3% saline 513 513 0 0 0 0 5.0 (4.5-7) 1026

Ringers 130 109 4 3 28 0 6.5 272

lactate

Plasma-Lyte 140 98 5 0 8 0 74 294

A

5% dextrose 0 0 0 0 0 50 5.0 260

"Also contains magnesium 3 mEq/L, acetate 27 mEq/L, gluconate 23 mEq/L.

Table 1. Composition of crystalloids.
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Fluid Na+ (mEq/L) CI-(mEq/L) Colloidal oncotic pressure Osmolarity (mOsm/L)
(mm Hg)

Albumin 5% 130-160 130-160 20 308

Albumin 25% 154 154 100 308

Hetastarch (6%)-NaCl 154 154 30 310

Gelatins (gelofusine 4%) 154 154 33 310

Dextran 70 + NaCl 154 154 60 310

Table 2. Composition of colloids.

cellular or vascular planes. However, hypertonic solutions will move fluids from intracellular
and interstitial space into the intravascular compartment, while hypotonic fluids will result in
shift of fluids from intravascular space to interstitial and intracellular compartments. Volume
expansion of the intravascular compartment with colloids depends on the oncotic pressure.

The most common clinical indications for fluid administration are:

¢ Replacement of volume losses

* Maintenance of fluids and electrolyte balance
* Correction of electrolyte or acid-base disorders
¢ Persistent hypoglycemia or hyperglycemia

* Provision of a source of fuel (glucose)

¢ Intravenous administration of medication.

2.1. Question 1: which fluids are more effective —colloids or crystalloids?

Fluid resuscitation in critically ill patients in shock is the mainstay of therapy to maintain
effective circulating blood volume. Timing of fluid resuscitation plays an important role in
resuscitation and is based on the pathophysiology of shock [9, 10]. A long-standing contro-
versy exists between proponents of colloids versus crystalloids for those patients. Supporters
of crystalloids argue about risks of anaphylaxis, hemostasis impairment, and need for renal
replacement therapy (RRT) with colloids as well as the potential to accumulate in tissues;
whereas the colloid proponents argue with the risk of edema associated with crystalloids.

A recent Cochrane analysis concluded that there was no difference in mortality for hospitalized
patients with trauma, burns, or following surgery when colloids were compared with crystal-
loids [11]. The use of HES may be associated with increased mortality; when they are compared
to crystalloids, there was a higher incidence of adverse events and need for RRT [12, 13].

In the Crystalloid versus Hydroxyethyl Starch Trial (CHEST), involving 7000 adults in the
ICU, the use of 6% HES (130/0.4), as compared with 0.9NS, was not associated with a signifi-
cant difference in the rate of death at 90 days.
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However, there was an increase in the rate of RRT and more adverse events in HES group
[12]. The Colloids versus Crystalloids for the Resuscitation of the Critically IIl (CRISTAL)
trial compared the effects of colloids versus crystalloids on mortality in patients presenting
with hypovolemic shock [14]. There was no difference in mortality between the two groups at
28 days although 90-day mortality was lower in patients receiving colloids.

Low albumin levels are associated with all-cause mortality in both medical and surgical
patients [15, 16]. Contrary to the belief that using albumin as a resuscitation fluid could
improve mortality, a Cochrane review of 24 studies involving a total of 1419 patients, sug-
gested that administration of albumin-containing fluids resulted in a 6% increase in the abso-
lute risk of death when compared with use of crystalloid solutions [17]. This lead to the SAFE
trial that showed similar outcomes between albumin and 0.9NS for resuscitation [18] No trial
has consistently revealed superiority of albumin over crystalloids as resuscitative fluid.

In summary, there is no advantage of colloids versus crystalloids or vice versa. Considering
the cost and adverse effect profile of colloids, crystalloids may be preferred over colloids.
When colloids are used, care must be taken not to exceed recommended dose by regulatory
agencies and avoid their use in patients with renal failure.

2.2. Question 2: are balanced fluids better than “0.9 normal saline?”

Normal saline is also referred as physiological or isotonic saline, neither of which is accurate.
The sodium and chloride concentration of 154 mEq/L and the pH of 5.6 are certainly abnormal
in “normal saline.” The strong ion difference (SID) is the difference between the positively-
and negatively-charged strong ions in plasma. Disturbances that increase the SID increase the
blood pH while disorders that decrease the SID lower the plasma pH. This may also occur
with volume resuscitation with 0.9NS (>30 cc/kg/h) due to excessive chloride administration
impairing bicarbonate resorption in the kidneys resulting in hyperchloremic metabolic acido-
sis [19]. Other potential effects of 0.9NS include renal vasoconstriction with worsening renal
function [20], increased postoperative complications, coagulation abnormalities [21], and an
increased risk of death [22-24].

Lactated ringer, Plasma-Lyte, and Normosol are often called ‘balanced fluids’ as their electro-
lyte contents are closer to human plasma. These balanced crystalloids are also nearly isotonic
but have a chloride concentration less than 110 mEq/L and a SID close to plasma.

Several trials comparing 0.9NS to balanced fluids have reported multiple outcomes.
Outcomes have ranged from renal failure to mortality. Among critically ill adults with sep-
sis, resuscitation with balanced fluids was associated with a lower risk of in-hospital mortal-
ity [25]. In a meta-analysis of 11 RCTs (8 trials in operation room and 3 in ICU) involving
2703 patients, the in-hospital mortality, occurrence of acute kidney injury (AKI), and need
for RRT was not different between balanced solutions and 0.9NS, irrespective of the loca-
tion of the patients [26]. In a before and after trial comparing 0.9NS with LR solution, use
of saline was a safe, viable alternative to LR in the trauma population [27]. In ICU patients
requiring crystalloid fluid therapy, the use of a buffered crystalloid compared with saline
did not reduce the risk of AKI or mortality [28]. Data regarding best fluid for the periop-
erative period is still inconclusive [29]. In patients undergoing renal transplants, balanced
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electrolyte solutions were associated with less hyperchloremic metabolic acidosis compared
to 0.9NS, but there were no difference in graft outcomes [30]. Among critically ill adults, the
use of balanced crystalloids for IVF administration resulted in a lower rate of the composite
outcome of death from any cause, new RRT or persistent renal dysfunction when compared
to 0.9NS [31] Among noncritically ill adults treated with IVFs in the emergency department,
there was no difference in hospital-free days between treatment with balanced crystalloids
compared with saline [32].

Some myths about Ringers lactate:

1. Ringers lactate in renal failure: In a study comparing acid-base status in kidney transplant
patients, LR compared with 0.9NS may lead to a lower serum potassium level and a
lower risk of acidosis [33]. In a randomized, double-blind comparison of LR’s solution
and 0.9%NS during renal transplantation, LR was associated with less hyperkalemia and
acidosis compared with 0.9NS [34].

2. Ringers lactate in hepatic failure: LR is avoided in patients with hepatic failure with the fear
of inducing or worsening lactic acidosis. However, lactate is given as sodium lactate, which
is a base rather than an acid. There are no data describing LR causing worse outcomes
compared to saline in patients with hepatic dysfunction.

In summary, 0.9%NS is not superior to balanced fluids in volume resuscitation in both criti-
cally ill and noncritically ill patients, perioperative patients and posttrauma. Studies suggest
that use of balanced crystalloids for IVF administration results in a lower rate of the composite
outcome of death from any cause, new RRT, or persistent renal dysfunction than the use of
0.9%NS in critically ill patients. Balanced fluids are not harmful compared to 0.9%NS and seem
to be the fluid of choice. However, caution is advised when balanced solutions are used in
patients with renal failure and hyperkalemia. Normal saline is an ideal choice in patients with
metabolic alkalosis and chloride deficits who are vomiting or have nasogastric tube to suction.

2.3. Question 3: what are the common indications for hypertonic saline?

The classical indication for 3% saline is symptomatic severe hyponatremia. This is discussed
in detail later in this chapter. Other indication for hypertonic saline is resuscitation in patients
with traumatic brain injury (TBI). In patients with TBI, osmotic agents to reduce cerebral
edema are recommended [35]. Common osmotic agents are mannitol and hypertonic saline.
Hypertonic saline decreases intracranial pressure (ICP), improves microcirculation, and acts
as anti-inflammatory [36]. A retrospective study comparing effectiveness of mannitol versus
hypertonic saline revealed that hypertonic saline given in boluses may be more effective than
mannitol in lowering ICP but no difference was found in short-term mortality [37]. A com-
parison of effects in coagulation function or increase in the risk of intracranial rebleeding in
patients with moderate TBI when using 3% hypertonic saline versus 20% mannitol for the
control of ICP showed no differences [38]. A comparison of pharmacologic therapeutic agents
used for the reduction of intracranial pressure after traumatic brain injury concluded that
hypertonic saline exhibits beneficial advantages compared with the other medications as a
first-line treatment of intracranial hypertension in patients with severe TBI [39]. Complications
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of hypertonic saline use include hypernatremia, hyperchloremia, and renal failure. Mannitol
and hypertonic saline in equiosmolar concentrations produced comparable effects on ICP
reduction, brain relaxation, and systemic hemodynamic [40].

Hypertonic saline has been advocated in patients with volume loss after trauma, whereas
TBI seems to be an indication to decrease cerebral edema, use of hypertonic saline in other
situations is still unclear. In a meta-analysis, use of hypertonic saline showed no differences
in clinical outcomes for hypotensive injured patients compared to isotonic fluid in the prehos-
pital setting [41]. There is no evidence that hypertonic saline provides any additional benefit
over isotonic crystalloid solutions for trauma resuscitation [42].

In summary, hypertonic saline can be used to decrease intra cranial pressure in patients with
moderate to severe TBI. Care must be taken to avoid hypernatremia, hyperchloremia, and
renal failure.

2.4. Question 4: how do we manage fluids in sepsis and septic shock?

In severe sepsis and septic shock, early volume resuscitation is indicated to save lives [43—45];
however, the best choice of fluids is unclear.

In a multicenter ICU trial of patients with severe sepsis randomly assigned to either 6% HES
130/0.42 or ringers acetate, patients receiving 6% HES 130/0.42 had a significant increase in the
rate of death at 90 days and need for RRT. Several meta-analyses have shown that albumin
does not provide a mortality benefit or decrease the need for RRT in critically ill patients,
including those with hypoalbuminemia and sepsis [46—48]. A recent trial comparing albumin
in addition to crystalloids versus crystalloids alone did not confer survival benefit in patients
with severe sepsis or septic shock [49].

The early 2000s saw a resurgence in the use of hypertonic saline for sepsis resuscitation. Small
volume resuscitation with hypertonic saline was postulated to achieve hemodynamic nor-
malization by recruitment of fluid from the intracellular space, limiting interstitial edema
[50]. Additional advantages included improved microcirculatory flow and favorable immu-
nomodulatory effects. Two clinical trials have investigated the use of hypertonic saline in
adult septic patients and there was no mortality difference [51, 52].

In the risk-adjusted inverse probability weighting analyses including 60,734 adults admitted to
360 ICUs across the United States between January 2006 and December 2010, the hospital mortal-
ity was 17.7% in the balanced fluid group, 19.2% in the 0.9%NS plus balanced fluids plus colloid
group, 20.2% in the 0.9NS group ,and 24.2% in the saline plus colloid group. Balanced crystalloids
were consistently associated with lower mortality. The authors concluded that when compared
with exclusive use of 0.9%NS during resuscitation, coadministration of balanced crystalloids is
associated with lower in-hospital mortality and no difference in LOS or costs per day. When
colloids are coadministered, LOS and costs per day are increased without improved survival [53].

In summary, balanced fluids may be preferred over 0.9%NS in the resuscitation of patients
with severe sepsis or septic shock without renal/liver or potassium issues. Hypertonic saline
and other colloids including albumin are likely of no benefit over crystalloids. Use of starch is
associated with adverse effects including increased need for RRT.

7
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2.5. Question 5: fluid management in diabetic ketoacidosis

Patients with diabetic ketoacidosis (DKA) present with high anion gap metabolic acidosis,
dehydration, and fluid deficits. Caution is advised in use of 0.9%NS due to two reasons. First,
cerebral edema is a risk factor for death in patients with DKA. When a saline bolus is admin-
istered, it will distribute initially in the plasma that reaches the blood-brain barrier before
equilibrating with the extracellular compartment. This has the potential to increase the inter-
stitial volume of the brain ECF compartment and leads to cerebral edema. Second, chloride
load in 0.9%NS can trigger nonanion gap metabolic acidosis.

A large bolus of 0.9%NS should be given only in emergent situations. It is advised to limit
the amount of sodium ions infused in the first 120 min of therapy to about 3 mmol/kg body
weight.

In a multicenter retrospective analysis of adults admitted for DKA to the ICU, which received
almost exclusively Plasma-Lyte or 0.9%NS infusion up to 12 h, patients with PL had faster
initial resolution of metabolic acidosis and less hyperchloremia, with a transiently improved
blood pressure profile and urine output [54].

In summary: caution should be used using 0.9%NS in DKA and it is prudent to limit its use.
If continued fluid resuscitation is needed, choice of fluids should be based on sNa levels. In
patients with eunatremia or hypernatremia 0.45%NS is preferred and should be infused at
4-14 ml/kg/h, 0.9%NS is preferred in hyponatremia patients [55, 56].

2.6. Question 6: does my patient need maintenance fluids?

Maintenance fluid therapy is indicated in patients who are unable to eat for prolonged period of
time in order to provide for fluids, electrolytes, and possibly some nutrition. The goal is to pro-
vide enough fluid and electrolytes to meet insensible losses and enable renal excretion of waste
products. On an average, 2500 ml of water is ingested daily of which 60% is in form of fluids.
Maintenance fluids should be a short-term measure since inappropriate therapy risks volume
overload and electrolyte and acid-base disturbance. It is recommended to use 25-30 ml/kg/day
water, 1 mmol/kg/day sodium, potassium, chloride, and 50-100 g/day glucose daily [57].

Higher insensible losses and hence higher maintenance of fluids needs to be considered in
patients with ongoing losses, fever, burns, and third space losses especially in post-operative
surgical patients. There is no evidence to use one kind of crystalloids over the other, hypo-
tonic solutions should be avoided to avoid hyponatremia and avoidance of excessive sodium
overload with 0.9%NS. Monitoring and avoidance of development of electrolyte imbalance
is critical. Daily weights will prevent volume overload. Continuation of maintenance fluids
should be critically reviewed in a daily bases.

2.7. Question 7: is there an ideal IV fluid?

An ideal resuscitative fluid should have an electrolyte composition close to plasma, should
not accumulate in tissue, and must be completely metabolized. An ideal fluid does not exist
and fluids should be treated as any other medication—indications, duration, effects, and
adverse effects. Deciding which fluids are appropriate for each patient depends on the type
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of fluid lost and the body compartment(s) that require additional volume. It is advisable to
consider patients comorbid conditions, acid-base and electrolyte status, and the indication for
fluids before making a final selection. Timing of therapy is based on clinical context, delayed
resuscitation is not only resuscitation denied but could have a detrimental effect.

Education of use of fluids to the health care providers, especially those who usually initiate
care on hospital admission is paramount to improve outcomes and decrease morbidity and
mortality.

Pearls:

1. TreatIVF like medications and consider risks, benefits, alternatives, and risks of alternatives.
2. In most instances, balanced solutions may be adequate.

3. Normal saline is probably the fluid of choice in patients with metabolic alkalosis due to
vomiting or gastrointestinal losses with volume and chloride deficits.

4. In critically ill adults, the use of 0.9%NS for IVF administration results in a higher rate of
the composite outcome of death from any cause, new RRT, or persistent renal dysfunction.

5. In patients with DKA, use of 0.9%NS should be restricted to 1-1.5 L unless a compelling
indication.

6. Hypertonic saline or colloids are fluids of choice in TBI with cerebral edema.

7. Role of hypertonic saline in trauma other than TBI, severe sepsis, septic shock, and hem-
orrhagic shock is uncertain.

8. HES is a risk factor for renal injury and need for RRT.
9. If a synthetic colloid is chosen, do not exceed the manufacturer recommended maximal dose.

10. Use maintenance fluids only when indicated and review need daily.

3. Disorders of sodium imbalance

3.1. Hyponatremia
3.1.1. Question 8: what is the importance of hyponatremia?

Hyponatremia is a common laboratory abnormality; it is usually defined as a sNa of less than
136 mmol/L. The sNa cut offs to define hyponatremia varies from 125 to 135 mmol/L depend-
ing on different studies [58, 59].

Hyponatremia have been reported in 8% of the general population and in up to 60% of hospi-
talized patients [60]. Patients in ambulatory setting have a lower rate compared with hospital
or skill nursing facility setting. Miller et al. reported an 11% incidence of hyponatremia in the
ambulatory setting among elderly population with a median age of 78 years [61, 62].

The importance of hyponatremia is related not only to the absolute sNa value, but to the
underlying conditions leading to it; it can be the tip of a serious condition. Severity of
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hyponatremia or its management can impact the patient’s outcomes. Hyponatremia is not a
disease, but a manifestation of an underlying disorder. The main focus of the management
of hyponatremia is to elucidate the etiology and correction of laboratory abnormalities when
levels are life threatening [59, 63].

Two major international guidelines attempted to address best practices in the management
of this condition. The United States guidelines were published in 2013, however, they did
not include grade of evidence due to scarce clinical evidence and resorted to expert panel
recommendations [64]. In 2014, the European guidelines were published and included qual-
ity of evidence grades [65-67]. Rather than the absolute value of the sNa levels, the acuity of
development of hyponatremia and its correction are of prime importance because the rate
of change in sNa levels is associated with mortality, morbidity, and LOS [68, 69]. Mortality
associated with hyponatremia has been reported as high as 30% [69].

A summary of relevant publications addressing prevalence of hyponatremia can be seen in
Table 3. The serum cut off values for sodium in all those studies was between 130 and 138 and
most of the studies were randomized control studies [58, 59].

3.2. Classification

Hyponatremia can be classified based in:

* Severity: this is based only in the absolute level of sNa. Mild 130-135 mmol/L, moderate
125-130 mmol/L, and severe when sNA is lower than 125 mmol/L.

¢ Time interval of development: acute-less than 48 h and chronic if more than 48 h. This
information is occasionally difficult to obtain, but causes are usually different for acute and
chronic hyponatremia.

¢ Measured osmolarity:itis fundamental to differentiate between the true hypotonicstate from
the isotonic and hypertonic state. Isotonic hyponatremia is usually due to pseudohypona-
tremia secondary to high plasma concentrations of triglycerides or proteins [70]. Expected
changes in sNa in hypertriglyceridemia (TG) can be calculated as TG x 0.0002 = decrease in
sNa in mEq/L; for plasma proteins (PP), PP in gm/dl — 8 x 0.25 = decrease in sNa in mEq/L.

Commonest causes of hypertonic hyponatremia are hyperglycemia, administration of
mannitol or other agents; the osmotic shift of water from ICF to ECF increases the total
plasma volume diluting the sNa levels. Each increase in serum glucose levels by every
100 mg/dl after 150 mg/dl, decreases the sNa by approximately 1.6 mmol/L [71].

* Volume status: hypovolemia, euvolemia, and hypervolemia [72]. This is the most com-
mon classification used in the United States [64]. However, this classification is intrinsically
flawed as there are no reliable, readily available and highly sensitive clinical tools to dif-
ferentiate volume status, especially to differentiate hypovolemia from euvolemia [73-75].
Euvolemia itself is considered to be a misnomer as loss of sodium cannot happen without
loss of water [2]. Clinical assessment is more reliable in cases of hypervolemia [2].

Erroneous classification of patients into these categories can have detrimental outcomes [76].
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Reference Frequency (%) Sample size Outcome
Ambulatory setting

Hawkins et al. 0.14 24,027 NA

Liamis et al. 7.7 5179 1 Mortality
Gankam Kengne et al. 6 3551 1 Mortality
Mohan et al. 2.5 14,697 NA
Hospital

Hawkins et al. 42.6 43,249 NA

Hoorn et al. 30 5437 NA

Wald et al. 30 34,761 1 Mortality
Wakar et al. 14.5 98,411 1 Mortality

Congestive heart failure

Gheorghiade 20 47,647 1 Mortality
Liver cirrhosis

Angeli et al. 49 997 1 Mortality
Dawas 11 5152 1 Mortality
HIV infection

Tang 38 259 1 Mortality
Cusano et al. 31 96 1 Mortality
Non-dialysis kidney failure

Covesdy et al. 13 655,493 1 Mortality
Pneumonia
Zilberberg et al. 8 7965 1 Mortality

Modified from [58, 59].

Table 3. Prevalence and outcome of hyponatremia.

3.3. Clinical features

Symptoms of hyponatremia are initially subtle, nonspecifics, and difficult to recognize. They
mostly manifest as neurological changes, which ranges from altered personality, lethargy
and confusion to seizures, coma and death in severe cases [2, 77]. Symptomatic differences
between acute severe and chronic hyponatremia have been reported. Symptoms of acute
severe hyponatremia include nausea, vomiting, headache, seizure, coma, respiratory failure,
and death, which are manifestations of brain edema. In chronic hyponatremia, main symp-
toms are fatigue, gait and attention deficit, osteoporosis, and fractures. Nausea and vomit-
ing are seen in both, acute severe and chronic hyponatremia [78, 79]. Older patients with
comorbid conditions tend to develop symptoms of hyponatremia at an earlier onset than
young healthier patients. Premenopausal women are prone for cerebral edema from acute
hyponatremia, it is hypothesized that this could be secondary to the action of estrogen and
progesterone inhibiting Na+K+-ATPase and decreasing solute expel from brain cells; if not
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recognized early, it will lead to neurological complications. The nonneurological manifesta-
tions are often due to the dysregulation in the volume status [5, 80].

3.3.1. Question 9: what are the causes of hyponatremia?

The best approach to evaluate causes of hyponatremia is to first decide if we are dealing with
acute versus chronic hyponatremia.

Acute hyponatremia: the underlying etiological mechanism primarily causes large input of
water. Normal individuals with intact thirst center and mental function develop aversion to
large volume water intake. Table 4 shows most common causes of acute hyponatremia.

Chronic hyponatremia: slow onset of hyponatremia, usually more than 48 h. The underlying
etiology is lower rate of water excretion and involves release of vasopressin. In some case,
decreased volume of filtered solute and residual water permeability play a role [5]. Table 5
shows most common causes of chronic hyponatremia and Table 6 shows the most common
laboratory findings in the most common causes of hypotonic hyponatremia.

3.3.2. Question 10: how we evaluate a patient with hyponatremia?

Evaluation of hyponatremia still remains to some extent controversial and occasionally
cumbersome.

In an attempt to avoid the pitfalls of volume evaluation recommended in the 2012 guidelines,
the European guidelines were released in 2014. They prioritized the use of urine sodium
(uNa) levels and urine osmolality (uOsm) over assessment of volume status [67]. Conditions
leading to a false low or high uNa levels like low sodium diet or recent diuretic use and
chronic kidney disease respectively were addressed [66, 81, 82].

Role of vasopressin and copeptin levels: measurement of vasopressin levels seems logical for the
investigation of hyponatremia, but its unstable nature when not bound to plasma, low accu-
racy, and not readily available makes it use unsuitable. Moreover, uOsm is a readily avail-
able, accurate, and inexpensive surrogate [83]. Vasopressin is degraded into neurophysin and
copeptin by enzymatic cleavage. Copeptin has been considered also a reasonable surrogate for

Ingestion of large volume Infusion of large volume of  Infusion of large volume  Generation and retention

of water 5% dextrose of hypotonic lavage fluid  of electrolyte-free water
(“desalination”)

* Mood-altering drugs ~ ® Postoperative period * Input of water and * Excretion of large
which blocks aversion (especially patients with a organic solutes, with volume of hypertonic
to large water intake low muscle mass) little or no Na+ ions urine caused by a large

. I . (e.g. post transurethral infusion of isotonic

ncreased water intake

resection of prostate) saline in a setting where

to avoid dehydration o
vasopressin is present

* Beer potomania

* Psychotic state

Table 4. Causes of acute hyponatremia.
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Lower rate of water excretion due to low

volume of distal delivery of filtrate

Lower rate of water excretion due to vasopressin actions

* Very low glomerular filtration rate
states

® States with enhanced reabsorption

of filtrate in the proximal collecting

tubules caused by low effective
arterial blood volume

e Loss of Na+ and Cl-

® Sweat: cystic fibrosis, marathon
runner

e Gastrointestinal tract: diarrhea

e Renal: diuretics, aldosterone defi-

ciency, renal or cerebral salt wasting

* States with expanded extracellular
fluid volume but low effective arte-

rial blood volume (e.g., congestive
heart failure, liver cirrhosis)

Non-osmotic stimuli: pain, anxiety, nausea
Baroreceptor-mediated release of vasopressin due to very low EABV

Central stimulation of vasopressin: drugs like 3,4-methylenedioxy-
methamphetamine (MDMA), nicotine, morphine, carbamazepine,
tricyclic antidepressants, serotonin reuptake inhibitors, antineoplastic
agents

Pulmonary disorders: bacterial or viral pneumonia, tuberculosis

Central nervous system disorders: encephalitis, meningitis, brain
tumors, subdural hematoma, subarachnoid hemorrhage, stroke

Release of vasopressin from malignant cells: small-cell carcinoma of
the lung, oropharyngeal carcinomas, olfactory neuroblastomas

Administration of desmopressin
Glucocorticoid deficiency
Severe hypothyroidism

Activating mutation of the vasopressin 2 receptor: nephrogenic
syndrome of inappropriate antidiuresis

Modified from [5].

Table 5. Causes of chronic hyponatremia.

Volume status

Clinical conditions

Urine Osm

Urine Na

Serum uric acid

FE

NA

Hypovolemic Extrarenal losses Elevated <10-20 Elevated >4 <1
(appropriate ADH -
response) Renal losses deficiency of Elevated >20 Elevated >1

mineralocorticoids
Hypervolemic Heart failure, liver cirrhosis,  Elevated <20 Low/normal <1
(appropriate ADH nephrotic syndrome
response) ) )

Renal failure Decreased >20 Variable >1
Euvolemia Reset osmostat Variable

SIADH Elevated >30-40 Decreased <4 >1

>100-300
Primary polydipsia Decreased Decreased Low/normal >1
Hypothyroidism, deficiency ~ Elevated >20 Low/normal >1

of mineralocorticoids

Table 6. Laboratory findings in most common causes of hypotonic hyponatremia.

vasopressin. Copeptin levels were reported to be increased in hypo and hypervolemic hypo-
natremia but not in syndrome of inappropriate secretion of antidiuretic hormone (SIADH). A
ratio of serum copeptin to uNa with a cut off value of 30 pmol/mmol had an AUC of 0.88 in
identifying hypovolemia from euvolemia [84].
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Other biomarkers like apelin and midregional proatrial natriuretic peptide (MR-ProANP)
have been evaluated in hyponatremia. Apelin counteract vasopressin in homeostasis.
MR-ProANP increases to a larger extent in hypo or hypervolemic hyponatremia rather than
in SIADH. The true diagnostic potential of these biomarkers are yet to be validated [85-88].

Based on existing guidelines and trying to overcome limitations of clinical evaluation of vol-
ume status, we suggest the following steps when evaluating a patient with hyponatremia:

1. Measurement of serum osmolarity to differentiate between hypotonic hyponatremia from
iso- and hypertonic.

2. Hypotonic hyponatremia: clinical evaluation of volume status. In general, identification of
hypervolemia is more accurate than differentiating between euvolemic and hypovolemic
state.

3. Measurement of urine osmolarity (uOsm) and urinary sodium (uNa). This is conjunction
with sOsm and examination should narrow down the diagnosis. For example, a threshold
of uOsm of >100 mOsm/kg predicts the action of ADH on the collecting tubules, which in
case of hyponatremia is not the appropriate response. This together with elevated uNa
>20-30 mmol/L strongly suggests the presence of SIADH [2].

4. Needs to consider the presence of more than one disorder leading to hyponatremia [89].

5. Management should ideally address correction of sNa levels as well as the underlying
condition leading to it.

6. Delayed or unavailability of sOsm is one of the major limiting factors during evaluation of
hyponatremia as addressed by the United States guidelines, potentially leading to misclas-
sification of patients based on clinical assessment of volume status.

7. Some experts suggest that a limited work up including sOsm, uNa, uOsm, and infusion
of isotonic saline 1-2 1 over 24 h may be sufficient for an accurate diagnosis in most cases
of hypotonic hyponatremia [2]. Increase in sNa after trial of volume expansion suggests
hypovolemic hyponatremia. However, this can be also seen in SIADH [75, 90-92].

Volume expansion should be cautiously done in certain conditions like immediate post-
operative period, where isotonic saline can worsen the hyponatremia by a process called
desalination, as presence of vasopressin makes the urine hypertonic by water resorption [93].
In addition, patients with hypervolemic states like heart failure or liver cirrhosis could dete-
riorate with the additional fluid administration.

Figure 1 shows a flow diagram for initial evaluation of hyponatremia.

3.3.3. Question 11: how do we manage hyponatremia?

Goal should ideally focus in the prevention of hyponatremia knowing its association with
significant morbidity and mortality. There is no data available regarding the effects of treating
asymptomatic mild to moderate hyponatremia [2, 94, 95].
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Figure 1. Algorithm for initial evaluation of hyponatremia. Based in the USA and European guidelines [64-67].

Patients presenting with severe, acute, or chronic hyponatremia should be treated in a monitor
setting as those patients are at risk for adverse outcomes [2]. Acute respiratory failure from dam-
age of the respiratory center or noncardiogenic pulmonary edema has been reported [96, 97].
Identification of patients at higher risk for osmotic demyelination remains a challenge during
treatment; risks factors for development of osmotic demyelination include presence hypokale-
mia, alcoholism, malnutrition, and liver disease [64, 98]. Table 7 shows basic management of
patients presenting with hyponatremia and comparison of the two major existing guidelines.

Areas of concern with guidelines: caution must be excised when following guidelines. Areas
of concern in the management of hyponatremia are:

* There is no clear evidence regarding the 48 h cut off to differentiate between acute and
chronic hyponatremia, neither to clearly differentiate risk for osmotic demyelination in
those patients.

* Clinically difficult to be certain regarding acuity of hyponatremia; in asymptomatic patients
with hyponatremia, it could be assumed to be chronic.

* Limited evidence regarding the best and safer correction rate. A lower correction rate of
6 mEq/L/24 h could be safer.

* When to treat a patient with mild to moderate hyponatremia and none/minimal neurological
symptoms remain a gray zone and depends on the clinical situation. Fluid restriction is the
most common, cost effective, and safer modality of treatment [2, 72]. Fluid restriction of 500
1000 ml/day has been suggested and should be based in volume assessment. Urine Na to serum
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electrolyte ratio (uNa + urine K/sNa) >1 indicates antidiuretic phase and a ratio <1 suggests
aquaretic phase. Fluid restrictions to less than 500 ml/day in antidiuretic phase and 1000 ml/day
in aquaretic phase have been recommended; however, adherence is a problem [72].

* Use of Vaptans. Vaptans are vasopressin type 2 receptor antagonist, present in the collecting
duct and they induce excretion of hypotonic urine. Its use has been recommended in a sub-
group of patients with hyponatremia secondary to excess vasopressin [99, 100]. There are many
vaptans available including tolvaptan, satavaptan, lixivaptan, and conivaptan, which are been
successful at increasing sNa and relieving symptoms in conditions like SIADH, congestive heart
failure, and liver cirrhosis [101-103]. Sodium overcorrection is a concern and it was reported in
25% of 61 patients included in a study [103]. Side effects including liver injury, risk of overcor-
rection, and lack of long-term sodium improvement are some of limitations [101, 102, 104].

* Demeclocycline and lithium have low quality evidence to support front line management
of hyponatremia. Demeclocycline is thought to inhibit adenylate cyclase activity upon
binding of vasopressin to its receptor in the collecting tubule. The adverse effects associated
with the drugs make them less desirable for treatment [2, 105].

3.3.4. Question 12: what are the complications and outcomes of hyponatremia?

Complications of hyponatremia can be divided in those caused by hyponatremia per se and
those caused by the treatment of hyponatremia. In general, worse outcomes are associated
with sNa levels of less than 115 mEq/L and with faster rate of fall in sNa [2].

3.4. Complications and outcomes of untreated hyponatremia

Complications of hyponatremia range from chronic debilitating symptoms like gait deficit
and neuromuscular symptoms to a more severe and life-threatening presentation of brain
edema. Chronic and mild-moderate hyponatremia have been associated with attention or gait
deficits, increased risk of falls, and bone fractures. Bone is a reservoir for Na. Observational
retrospective cross sectional and epidemiological surveys have established an association
between chronic hyponatremia and osteoporosis and major osteoporotic fracture [106-111].

Unfortunately, there is a lack of evidence to suggest that osteoporosis is reversed with correc-
tion of hyponatremia [2].

The brain which is contained in the hard skull is not able to accommodate any swelling or
increase in brain volume. This is evident especially in patients who develop acute hypona-
tremia. Cerebral edema occurs when cells within the brain swell, when there is an increase in
extracellular fluid volume in the brain or both. Brain cells swell when there is a large osmotic
force favoring an intracellular shift of water, owing to a higher effective osmolality in brain cells
than the effective osmolality in plasma in capillaries near the blood-brain barrier [112-115].
The elevated intracranial pressure with the resultant acute cerebral edema can potentially lead
to serious symptoms that ranges from seizures, coma to brain herniation causing irreversible
midbrain damage and death [116, 117]. Incidence of fatal brain damage secondary to severe
hyponatremia is unknown, majority of the cases have been reported during the perioperative
period secondary to infusion of hypotonic fluids or self-water intoxication like marathon run-
ners and psychiatric patients [118].
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Conditions General agreement in guidelines Disagreement between guidelines
Acute or symptomatic Severe symptoms: bolus 3% NaCl: 100-150 ml ~ Minimal —just in amount of fluids
hyponatremia—less 48 h over 10-20 min x 2-3 as needed

50 ml difference

Moderate symptoms: continuous infusion
3% NaCl 0.5-2 ml/kg/h or bolus 3% NaCl:
100-150 ml over 20 min x 1

Chronic hyponatremia—

more 48 h
SIADH First line: fluid restriction None
Second line: demeclocycline, urea, or vaptan ~ European guidelines do not
recommend vaptans when sNa > 130
and recommend against when
sNa > 125.
Recommends against demeclocycline
Suggest oral NaCl or loop diuretics
Hypovolemic hyponatremia  Isotonic saline or balanced crystalloid Minimal/none
solution
Hypervolemic hyponatremia Fluid restriction—500—1 L/day European guidelines recommend
Vaptans against vaptan
Correction rates Minimum-only USA guidelines: 4-8 mmol/L/ European guidelines have no
day, 4-6 mmol/L/day in high risk of minimum
neurological complications
Limits: 10-12 mmol/L/day, 8 mmol/L/day in  None
high risk patients
Management of Baseline sNa > 120 mmol/L: probably European guidelines suggest to start
overcorrection unnecessary once limit is exceeded
Baseline sNa < 120 mmol/L: relower with Expert consultations recommended by

electrolyte-free water or desmopressin after ~ European guidelines
correction exceeds 6-8 mmol/L/day

Modified from [72].

Table 7. Management of hypotonic hyponatremia and comparison between existing guidelines.

Most cases of hyponatremia in the ambulatory setting are mild. An sNa of less than 125 mmol/L
was seen in 0.14% in Hawkin et al. study [60]. The Dallas heart study, a large prospective mul-
tiethnic cohort study of 3551 ambulatory individuals with median age of 43 year/age and from
diverse ethnicity, found that mild hyponatremia (median 133 mmol/L) was significantly associ-
ated with increased risk of death [119]. A large cross sectional observational study by the National
Health and Nutrition Examination Survey in the United States with 15,000 individuals demon-
strated that hyponatremia was an independent risk for increased mortality across age, gender,
and comorbid conditions. Overall prevalence was around 2%. They also showed that prevalence
of hyponatremia increased with age and was more frequent among women than men [120].

Others studies looking at the association of hyponatremia with specific comorbid conditions
like heart failure, HIV, pneumonia, renal failure among others, concluded that hyponatremia
is an independent risk factor for mortality regardless the levels of sNa [58, 121-129]. Among
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patients presenting with acute pulmonary emboli, hyponatremia is common and several
studies has shown to be an independent risk factor for increased short-term mortality. This
result could be encountered as a variable in determining of pulmonary emboli severity and
mortality [130, 131].

Among the hospitalized population, many studies have estimated the prevalence of hypona-
tremia from 8 to 40% [60, 69, 89, 132]. In Wald et al. study evaluating more than 50,000 patients,
he established that irrespective of onset of hyponatremia-community, hospital aggravated or
hospital acquired, all were associated with increased mortality, length of stay, and discharge
to a facility; and this was independent of the underlying comorbid conditions. Mortality was
increased among older patients. The operational definition for normal sNa in this study was
138-142 mEq/L. In patients with hospital acquired hyponatremia, the risk of mortality was 15
times higher among patients with first serum sodium level of 127 mEq/L or less [69]. A larger
prospective study by Waiker and colleagues with approximately 100,000 individuals followed
up to 5 years showed that irrespective of the severity of hyponatremia, presence of hyponatre-
mia independently increased risk of dead with an odd ratio of 1.47, 1.32, and 1.33 at the time
of admission, 1 and 5 year follow-up, respectively. It was more pronounced among patients
admitted with cardiovascular disease, metastatic cancer, and those admitted for procedures
related to the musculoskeletal system. They also showed that resolution of hyponatremia
attenuated the increased risk of mortality [132].

3.5. Complications and outcomes of treatment of hyponatremia

There are no many studies evaluating outcomes of treatment of hyponatremia. Two studies
evaluated the impact of treatment on mortality among patients with congestive heart failure
and concluded that treatment confers no mortality benefit, however, there was symptomatic
improvement and decreased length of stay [94, 95]. Other studies suggested that correction of
mild hyponatremia could reverse attention and gait deficits [133, 134].

When hyponatremia develops over a slower rate, 24—48 h, the brain cells are able to adapt
to expel enough of anions and organic solutes along with water to maintain its size. Rapid
correction of hyponatremia can lead to inability to regain the organic solutes causing osmotic
demyelination, a process still poorly understood [5].

Osmotic demyelination syndrome (ODS) and central pontine myelinolysis (CPM) are terms
usually used interchangeably, but they represent separate, not well understood and highly
feared complications of the treatment of hyponatremia. The effect of rapid correction of hypo-
natremia is termed as ODS and it is specific to the central nervous system and not always
localized to the pontine region. Extrapontine myelinolysis is as frequent as CPM [135, 136].
Risk factors making patients more susceptible to the development of ODS include severity
and chronicity of hyponatremia, the increment of sNa, the treatment used for sodium cor-
rection, concomitant hypokalemia, presence of liver disease and the nutritional status [98]. A
small study of 33 patients showed that an increase in sNa to normal or hypernatremic levels
in the first 48 h, a change in the sNa concentration of >25 mmol/L in the first 48 h, a hypoxic-
anoxic episode, and an elevation of sNa to hypernatremic levels in patients with hepatic
encephalopathy were associated with CMP. However, rate of correction was not associated
with demyelination [118].
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The clinical manifestations of ODS are variable depending on the location of demyelination.
They range from pontine and bulbar symptoms such as dysarthria, dysphagia, and dystonia
to more severe forms like locked-in state and coma [137]. In the past, prognosis of ODS and
CMP was considered to be very poor; however, several studies have reported near complete
neurological recovery. In addition, ODS/CMP are associated with other complications like
aspiration pneumonia, urinary tract infection, deep venous thrombosis, and pulmonary
embolism [137-139].

3.6. How can ODS be avoided?

In the absence of an absolute threshold for the rate of correction, it is well accepted that the
safest rate of correction of hyponatremia is 6-8 mEq/L/day. Brain demyelination has been
reported over a range of rate of sNa correction of 8-12-18 mEq/L/day [2, 72]. Some inves-
tigators in small, nonrandomized studies suggest concomitant use of desmopressin and
hypertonic saline for better control of the rate of sNa correction in hyponatremia [140, 141].
Experiments on rats have shown little success with the combination regimen of D5W and
desmopressin for the treatment of overcorrection of hyponatremia [142, 143]. The role of urea
for ODS have not been well studied.

3.7. Hypernatremia

A difference of the complexity of hyponatremia, the finding of hypernatremia invariably
denotes hypertonic hyperosmolality and always causes cellular dehydration. It is usually
defined as a sNa of more than 145 mmol/L. It can be a frequent finding in hospitalized patients
or high risk patients with poor access to water like the elderly, infants, patients on mechanical
ventilation, and patients with altered mental status. In the elderly, a physiologic decrease in
the thirst mechanism have been reported; however, there can be a pathological decrease in
free water intake as well [60].

In general, clinical manifestations of hypernatremia correlate with the severity of sodium
abnormalities and are related to central nervous system dysfunction and ranges from weak-
ness, confusion to seizure and coma. In addition, sign of hypovolemia and hemodynamic
abnormalities can be found on examination.

The complications of hypernatremia vary from mild to life threatening [144]. Brain shrinkage
induced by hypernatremia can cause vascular rupture, with cerebral bleeding, subarachnoid
hemorrhage, and permanent neurologic damage or death.

Causes of hypernatremia can be loose classified in two: either net water losses due to gastro-
intestinal or renal etiologies or hypertonic solution administration [144, 145].

3.7.1. Management of hypernatremia

The focus of management is addressing the underlying cause leading to hypernatremia and
the correction of serum sodium. Initial evaluation includes evaluation of vital signs. In hemo-
dynamically unstable patients, administration of isotonic 0.9% normal saline or balance fluids
is advised, irrespective of sNa. Goal in those patients is fluid resuscitation hemodynamic
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stabilization. Patient who are hemodynamically stable can be managed with oral or IVF
replacement. The preferred route for fluid administration is the oral route or a feeding tube;
otherwise IVF are required. Only hypotonic fluids are recommended, including pure water,
5% dextrose, and 0.2 or 0.45% sodium chloride. The more hypotonic the infusate, the lower
the infusion rate required. An easy and efficient way to calculate this is by using Adrogue-
Madias formula, which allows to calculate rate of infusate [144].

Correction rates: similar to management of hyponatremia, and to avoid sudden changes
in tonicity, the target recommended fall in the sNa concentration is 8-10 mmol/L/day for
patients with hypernatremia with a goal to reduce the sNa to 145 mmol/L [145, 146].

Pearls:

1. Serum sodium abnormalities are common and carry significant morbidity and mortality.

2. Evaluation of sodium abnormalities should focus in the underlying condition as well as
management.

3. Following recommended algorithms for evaluation of hyponatremia is advised.

4. Evaluation of volume status in patients with sodium disorders can be a challenge.

5. Needs to keep in consideration the presence of more than one disorder.

6. Resuscitation of an unstable patient takes precedence over correction of sodium levels.

7. There is no rush to correct sNa levels, risk of overcorrection, or rapid increase in sNa can
lead to serious complications.

4. Conclusion

We reviewed issues related to fluids and sodium disturbance and the clinical implications of
these issues. The dysregulation of fluid and sodium homeostasis leads to many direct and
indirect effects and carries significant morbidity and mortality in a wide variety of patients
and clinical settings. Those range from mild cases of dehydration to more severe cases of
patients in shock or with severe hypo- or hypernatremia.

Since the high prevalence of these disorders, clinicians in virtually every medical specialty
will interact with patients requiring fluid administration and need for electrolyte evaluation
and correction. Appropriate and timely administration of fluids and electrolyte correction
with focus in avoidance of complications and improvement of outcomes is fundamental.
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Abbreviations

ECF extracellular fluid

ICF intracellular fluid

IVE intravenous fluids

RRT renal replacement therapy
HES  hydroxyethyl starches
SID strong ion difference

TBI traumatic brain injury
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Abstract

Given the widespread use of psychotropic drugs in the population, it's important to
consider hyponatremia as an avoidable and reversible adverse effect and include the
detection of high-risk subjects to establish safer medications, as well as early detection
measures in routine clinical practice. Although hyponatremia has been especially associ-
ated with serotonergic antidepressants (SSRIs), there is also an elevated risk with tricy-
clics, duals and heterocyclic antidepressants, due to the different mechanisms of action
at the renal tubular level and the release of ADH. Hyponatremia secondary to tricyclics
with slow CYP2D6 metabolizers have higher plasma concentrations of antidepressants
metabolized by CYP2D6. Hyponatremia secondary to SSRIs appears in the first week of
treatment, it is “not dose-dependent” and normalization of natremia occurs between 2
and 20 days after stopping the medication. Bupropion, trazodone, mianserin, reboxetine
and agomelatine are a safe alternative. Also antiepileptics have been related to hypona-
tremia. Both typical and atypical antipsychotics have been exposed to an increased risk of
hyponatremia, even after adjusted factors such as age, sex and comorbidity. Other factors
that favor the onset of hyponatremia act synergistically with psychotropic drugs, such as:
advanced age, female sex, concomitant diuretic intake, low body weight and low sodium
levels; NSAID, ACEIs, and warm.

Keywords: hyponatremia, antipsychotic, antidepressant, antiepileptic, psychotropic
drugs

1. Introduction

Hyponatremia is the most frequent hydroelectrolytic disorder in clinical practice, both in
hospital and outpatient settings [1]. Defined as a serum sodium concentration or sodium
level < 135 mmol/L, its frequency varies according to its intensity, with severe and more severe
hyponatremia in hospitalized patients. Hyponatremia is present in 15-20% of urgent hospital
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admissions and in up to 20% of critical patients. Although it estimates a daily incidence of 1%
in hospitalized patients and a prevalence of 2.5%, its frequency is probably higher, since it is
frequently underdiagnosed [2]. Some epidemiological studies report that only 30% of patients
with hyponatremia are diagnosed, including the most serious ones [3]. Clinical manifesta-
tions of hyponatremia have a broad spectrum, from mild to severe or even potentially lethal.
Hyponatremia is related to an increase in mortality, morbidity, duration of hospital stay and
socio-health costs in patients with multiple pathologies. Some studies show that the presence
of hyponatremia is an independent predictor of mortality rate, implying a relative risk of
death between 1 and 2 times higher [4]; risk that is maintained per year and even 5 years after
a hospital admission. Hyponatremia is related to a higher rate of hospitalization in Intensive
Care Units and mechanical ventilation units.

Etiology of hyponatremia is multifactorial, highlighting the pharmacological origin. Some
of the mechanisms involved in the development of pharmacological hyponatremia are the
alteration of sodium and water homeostasis (diuretics), the increase in the production of
the antidiuretic hormone (antidepressants, antipsychotics, antiepileptics, anticancer drugs,
methrotrexate, interferon alfa, opiates) and the potentiation of the effects of antidiuretic
hormone (antiepileptic, hypoglycemic, nonsteroidal anti-inflammatory drugs [NSAIDs],
angiotensin-converting enzyme inhibitors [ACEIs] and anticancer drugs). Factors such as
female sex, weight, advanced age, the presence of associated pathologies (cardiological,
hepatic, neurological and endocrine), the concomitant use of drugs (especially thiazide
diuretics, inhibitors of the reuptake of serotonin and carbamazepine) and basal sodium
levels in the low threshold of normality have been related to the development of hypona-
tremia [5].

Prescription and use of psychotropic drugs is currently growing, both due to the increase in
the incidence of mental illnesses and depression, which according to the WHO will be the
second cause of disability in the world in 2020 [6]. Elderly patients have higher prevalences of
mood disorders, which together with the greater frequency of polypathology and polyphar-
macy, makes them a risk group for presenting hyponatremia.

2. Hyponatremia

2.1. Definition of hyponatremia
2.1.1. Definition of hyponatremia based on biochemical severity

Mild (sodium between 130 and 135 mmol/L); moderate (sodium between 125 and 129 mmol/L);
severe (sodium <125 mmol/L).

2.1.2. Definition of hyponatremia based on development time

Acute (<48 h) or chronic (greater or equal to 48 h). Current literature establishes the limit of
48 h to distinguish between acute and chronic hyponatremia, since cerebral edema appears
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more frequently when hyponatremia is established in less than 48 h. Experimental studies
suggest that the brain needs approximately 48 h to adapt to a hypotonic environment; there is
a risk of cerebral edema before such adaptation. However, once the adaptation is completed,
a rapid rise in the serum sodium level can cause lesions of the myelin sheath, which is known
as osmotic demyelination syndrome. Hence, the importance in clinical practice to distinguish
between acute and chronic hyponatremia, evaluating whether a subject is at greater risk of
cerebral edema or osmotic demyelination. If there are doubts about the development time of
hyponatremia [7], it should be considered chronic, unless there are reasons to think otherwise.

2.1.3. Definition of hyponatremia based on symptoms

Moderate: any degree of hyponatremia associated with moderately severe symptoms of
hyponatremia: nausea without vomiting, confusion, and headache.

Severe: any biochemical degree of hyponatremia associated with severe symptoms of hyponatre-
mia: vomiting, cardiorespiratory distress, abnormal and deep drowsiness, seizures, and coma.

2.1.4. Definition of hyponatremia based on plasma osmolality

* Hypotonic hyponatremia: the decrease in extracellular sodium is accompanied by hypo-
tonia of the extracellular fluid and displacement of water from the extracellular space to
the intracellular space, causing cellular edema. The most frequent cause is a syndrome of
inappropriate secretion of antidiuretic hormone (SIADH). There are three types according
to the volume status:

a. hypotonic hyponatremia with hypovolemia: occurs when there are losses of sodium and
water, with partial supplementation of fluid losses without electrolytes. Losses can occur
through the skin, digestive tract, renal pathway or leakage of fluids into a third space.

b. hypotonic hyponatremiawithisovolemia: SIADH is the most common cause of hyponatremia.

¢. hypotonic hyponatremia with hypervolemia: it occurs both in situations of increased
vasopressin secretion in states of a relative decrease in effective intravascular volume
(chronic heart failure, liver cirrhosis with ascites, nephrotic edema); excessive fluid
intake without electrolytes and an altered excretion of free water (acute kidney injury,
advanced chronic kidney disease).

* Nonhypotonic hyponatremia (isotonic or hypertonic): increase in the plasma concen-
tration of effective osmoles displaces the water from the intracellular to the extracellular
space and generates a dilutional hyponatremia. Depending on the concentration of these
compounds the plasma osmolality may be normal or increased. The most frequent cause
is hyperglycemia.

* Fictional hyponatremia or pseudohyponatremia occurs when a plasma concentration of
sodium falsely decreases as a result of a high concentration of lipids or paraproteins, with
normal plasma osmolality.
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2.2. Etiology

2.2.1. Acute hyponatremia

Primary polydipsia, intensive physical exercise, thiazide diuretics, postoperative state, vaso-
pressin analogs, colonoscopy preparations, 3,4-methylenedioxymethamphetamine intake.

2.2.2. Nonhypotonic hyponatremia

Isotonic or hypertonic: secondary to the presence of effective osmoles (glucose, mannitol,
glycine, hyperosmolar radiological contrast, maltose).

Isotonic or hyperosmolar: secondary to presence of ineffective osmoles that elevate measured
serum osmolality but do not cause hyponatremia because they do not change effective
osmolality and does not attract water to extracellular compartment (urea, alcohol).

Isotonic: presence of endogenous solutes that cause pseudohyponatremia (triglycerides,
cholesterol, proteins, intravenous immunoglobulins, monoclonal gammopathies).

2.2.3. Hypotonic hyponatremia

Hypovolemic: excessive sweating, vomiting, diarrhea, digestive tract fistulas, diuretics, tubu-
lopathies, mineralocorticoid deficiency.

Hypervolemic: chronic heart failure, liver cirrhosis, nephrotic edema, ascites, acute and chronic
renal failure.

Isovolemia: syndrome of inappropriate secretion of antidiuretic hormone (SIADH) which
can be secondary to tumors (lung, oropharynx, stomach, duodenum, pancreas, ureter,
bladder, prostate, endometrium, Ewing sarcoma, lymphomas, neuroblastoma), nervous
system disorder (encephalitis, meningitis, abscess, infection by Rickettsia and Plasmodium,
HIV, subdural hemorrhage, stroke, hydrocephalus, multiple sclerosis, Guillain-Barré
syndrome, delirium tremens, acute porphyria), drugs (antidepressants, anticonvulsants,
antipsychotics, anticancer drugs, antidiabetics, vasopressin analogs, opioids, interferon,
NSAIDs, clofibrate, nicotine, proton pump inhibitors, amiodarone) [7].

2.2.4. Hyponatremia and psychotropic drugs

As we have previously described, in case of psychotropic drugs, hyponatremia is mediated
by the inappropriate release of ADH. ADH or vasopressin is a hypothalamic hormone that
is stored and released through the neurohypophysis in response to osmotic and nonosmotic
stimuli:

Osmotic stimulus: the ADH is released or inhibited depending on the concentration of
effective osmoles in the extracellular compartment. Osmotic threshold for ADH release is
280 - 290 mOsm/kg.

Nonosmotic stimulus:
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¢ Hemodynamics. In the presence of low effective circulating volume, the baroreceptors
are activated. For example: hypovolemia, liver cirrhosis, arterial hypotension, conges-
tive heart failure, nephrotic syndrome, primary adrenal insufficiency.

* Nonhemodynamic: mediated by the release of corticotropin-releasing hormone (CRH,
neurotransmitter involved in the response to stress and responsible for activating the
pituitary secretion of ACTH) and angiotensin II. For example: pain, stress, nausea and
vomiting, hypoglycemia, drugs, cancer, postoperative state, pulmonary or central ner-
vous system pathology.

Vasopressin has three receptors coupled to G proteins: V1 (presents vasopressor effect), V2
(responsible for the reabsorption of water in the collecting tubule of the nephron) and V3
(responsible for the release of ACTH). Vasopressin or ADH has several functions:

1. Renal. ADH acts on V2 receptors on collecting duct in the nephron. Its action increases the
reabsorption of water, but not of solute, through the increased expression of aquaporin
2 channels (AQP2). Aquaporins are proteins that are part of the water channel. AQP2 is
expressed exclusively in collecting duct principal cells and is responsible for the apical
water permeability of this region of the nephron. Its activity is dependent on ADH, which
is released in response to hyperosmolar and hypovolemic stimuli. There is a type of inher-
ited nephrogenic diabetes insipidus associated with mutations in AQP2 [8].

2. Vascular smooth muscle. It produces vasoconstriction and increases peripheral vascular
resistance.

2.3. Symptomatology

The symptomatology of hyponatremia varies depending on the biochemical severity and the
speed of the establishment. It can be classified as mild, moderate and severe.

2.3.1. Mild symptoms

(Na 130-135 mEq/L): headache, attention deficit, memory alterations, irritability, depression.

2.3.2. Moderate symptoms

(Na 120-130 mEq/L): nausea, vomiting, bradypsychia, confusion, disorientation.

2.3.3. Severe symptoms

(Na <120 mEq/L): stupor, seizures, coma, respiratory depression.

2.3.4. Hyponatremic encephalopathy

In hyponatremia, low serum osmolarity causes an osmotic gradient between the extracellular
space and the intracellular space, with the consequent passage of free water into the interior
of the cell. This accumulation of water in the brain cells causes cerebral edema. The cellular
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edema produces an increase in the size of the various organs, however in the case of brain,
expansion is not possible due to the limitation of the cranial cavity. Thus, increases in brain
volume of 8-10% can cause coma and compromise the condition of the individual due to
intracranial hypertension and transtentorial herniation. However, hyponatremia activates a
series of compensatory mechanisms to decrease the volume of intracellular fluid, to reduce
the risk of cerebral edema and the risks derived from it [9]. Adequate regulation of brain
volume is an essential factor in the prognosis of hyponatremic encephalopathy. Some of these
compensatory mechanisms are:

1. The increase in intracranial pressure favors the increase of hydrostatic pressure and subse-
quent passage of water to the ventricular and venous system.

2. After an initial osmotic edema, the cells quickly expel electrolytes (potassium, chloride
and sodium) into the extracellular space, with the subsequent release of water by osmotic
gradient, restoring brain volume. This phenomenon allows to restore cell volume in hours
but is energy dependent and requires the operation of sodium-potassium ATPase system.

3. Role of the astrocytes. Act as regulators of brain water content, its swelling in hyposmolar
situations protect and spare neurons. Its extensions form the blood-brain barrier and they
have high number of pores called aquaporins (AQP) particularly AQP1 and AQP4, allow-
ing the passage of water into astrocytes in hyposmolar situations which selectively swell,
whereas neurons are relatively spared.

4. Studies in animals have shown that brain osmolytes (glycine, taurine, creatine myo-
inositol) leave the cell in hypoosmolar states and accumulate in the hyperosmolar states.
Studies in humans with magnetic resonance imaging show that the osmolytes output is
parallel to the changes in sodium concentration, which takes approximately 48 h.

Brain adaptation to hyponatremia is related to the speed of its establishment. In chronic hypo-
natremia (that lasts more than 48 h) the slow and progressive decrease of sodium allows a
compensatory regulation of the whole volume, limiting the degree of cerebral edema and
being asymptomatic or slightly symptomatic. However, in cases of acute hyponatremia,
adaptive mechanisms are exceeded and symptoms are more likely to occur even with mild
hyponatremia.

There are some risk factors for the development of hyponatremic cerebral edema:

¢ Menstruating women. Estrogens inhibit the sodium-potassium ATPase, making intracel-
lular sodium leakage difficult; and affect the expression of AQP4 channels. In this patient
profile, cases of hyponatremic encephalopathy with cerebral herniation have been docu-
mented even with serum sodium of 128 mEq/L.

* Children. They are a risk group for unfavorable evolution in hyponatremic encephalopa-
thy. It is postulated that the high ratio of brain size to that of the skull after the closure of
the fontanelles, as well as the lower activity of the sodium-potassium ATPase pump than in
adults can limit the adaptation to cerebral edema.
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* Hypoxia It has been postulated that hypoxia is a factor for death and brain damage in
patients with hyponatremia, after adjustment for other comorbidities. It alters the regu-
lation of the energy-dependent astrocyte volume, since the active transport of sodium
requires oxygen. In addition, in patients with hyponatremic encephalopathy, cranial
hypertension and incipient brain herniation may favor the development of a neurogenic
pulmonary edema and hypercapnic respiratory failure that worsens hypoxia.

* Hormonal factors: vasopressin and estrogen make it difficult to adapt to cellular edema.
On the one hand, vasopressin acts by decreasing brain flow and oxygen consump-
tion through arterial vasoconstriction, as well as facilitating the displacement of water
in brain cells through AQP4. On the other hand, estrogens increase the secretion of
vasopressin.

* Risk factors to develop hyponatremia: as we have previously commented, the establish-
ment of the hyponatremia and the severity of it is associated with multiple factors such as
polypathology and polymedication, among others. For this reason, literature recommends
the identification of those risk factors to perform an adequate prevention and early detec-
tion of those cases of hyponatremia.

2.3.5. Age

Elderly patients are a vulnerable population and at risk of developing hyponatremia due to
various causes. In the first place, the physiological changes characteristic of aging, such as
the decrease in volume and body weight, pose a risk to develop hyponatremia. On the other
hand, they are a population often with multi co-morbidities, exposed to diets without salt, to
forced hydration (oral or intravenous) and with the use of polytherapy, which makes them
candidates for risk.

2.3.6. Institutionalization

Some studies have shown a higher incidence of hyponatremia in subjects older than 60 years
institutionalized in residences than in patients of the same age living at home (18 versus 8%) [10].

2.3.7. Female sex

Female sex has been associated with an increased risk of hyponatremia and the development
of hyponatremic encephalopathy [11]. Some hypothesis proposed for this difference are based
on hormonal factors and cellular transport of sodium and volume of distribution of body
water different from men.

2.3.8. Comorbidity

Hyponatremia has been associated with multiple pathologies (infectious, oncological, neuro-
logical, renal, metabolic, etc.).
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2.3.9. Polytherapy

Multiple drugs have been associated with an increased risk of hyponatremia, especially anti-
psychotics, antidepressants and antiepileptic [12], diuretics (mainly thiazides), ACEIs and
NSAIDs. Other drugs have been related to hyponatremia, such as vasopressin analogs, inter-
feron, antidiabetics, anticancer drugs, proton pump inhibitors and monoclonal antibodies,
among others.

1. Basal levels of sodium in low range of normality
2. Low weight

3. Exposure to high temperatures

2.4. Treatment

It is important to remember that despite of the severity of the neurological signs and symp-
toms of acute hyponatremia, the correction of hyponatremia in a rapid and uncontrolled
way can generate chronic neurological lesions due to osmotic demyelination. When there is
a decrease in sodium, cells excrete organic solutes and other molecules to maintain homeosta-
sis, in a process that can last between 48 and 72 h, so hyponatremia can be classified as acute
or chronic if the duration is shorter or greater than 48 h, respectively.

It is recommended that sodium correction rate does not exceed 8 mmol/L in any 24-h period,
being even lower in those patients susceptible to osmotic demyelination (as in the case of
advanced cirrhosis, alcoholism or severe malnutrition). Even in patients with severe hypo-
natremia that are accompanied by severe neurological symptoms, 4 — 6 mEq/L rise in serum
sodium is sufficient in the first 24-h (this target can be achieved in first few hours in severely
symptomatic patients and then maintained at that level for the first 24-h). Three percent
sodium chloride solution can be used to achieve this. It is important to remember that the
recommended correction rates of 24 h should not be exceeded.

There is a series of formulas that allow to calculate in a quantitative way the effect of the
prescribed fluid therapy on patient’s serum sodium.

The Adrogue-Madias Formula (AMF) [13] helps to estimate the effect of a given fluid on
serum sodium. It takes into account the sodium concentration and the total body weight
(TBW) adjusted by a correction factor that varies according to age and sex. However, the
AMF does not take into account the losses and the pathophysiology that underlies them and
requires that sodium levels be monitored frequently during the infusion of the fluid.

Infusate formula: Adrogue-Madias formula.

[Na* + K] = [Na’]
TBW +1

s

ANa*], =

1)

However, this formula has the limitation of being approximate as rise in sodium level is often
greater than that predicted by the formula.
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Fluid restriction should be the first therapeutic measure in cases of euvolemic or hypervol-
emic hyponatremia. Depending on the severity of the hyponatremia and symptomatic sever-
ity, the fluid should be restricted to provide a negative fluid balance of approximately 500 ml
per day.

There are several therapeutic options for the treatment of hyponatremia secondary to SIADH:

Demeclocycline. It is a tetracyclic antibiotic whose mechanism of action is the inhibition
of ADH receptors in the renal distal tubule, inducing nephrogenic diabetes insipidus. It is
administered in doses of (300 — 600 mg twice a day). Side effects include photosensitivity,
nephrotoxicity and nausea.

Antagonists of the vasopressin receptor (“vaptans”). ADH or vasopressin acts at the level
of various receptors: Vla (causes vasoconstriction), V1b (secretion of ACTH) and V2 (water
reabsorption and release of von Willebrand factor and factor VIII). Drugs that act on V2 recep-
tors at the tubular level increase the excretion of water (aquaresis).

¢ Tolvaptan: It has an action as a selective antagonist of the V2 receptors of vasopressin at
the level of the renal tubule, increasing the free elimination of water. It has been used in
patients with congestive heart failure, cirrhosis and SIADH. Although it has not shown
a reduction in the rates of rehospitalization or death due to congestive heart failure, it
improves sodium levels, fluid balance and symptoms of congestion. It is approved for the
treatment of hypervolemic and euvolemic hyponatremia.

¢ Conivaptan: Antagonist of the V1a-V2 receptors with approval for the treatment of
euvolemic and hypervolemic hyponatremia. Its use is limited to intravenous use at the
hospital level.

¢ Lixivaptan: V2 receptor antagonist of vasopressin, used in euvolemic and hypervolemic
hyponatremia.

3. Hyponatremia and antipsychotics

Antipsychotics are a family of drugs used primarily in the treatment of schizophrenia, bipolar
disorder and other affective psychoses, but also in other neuropsychiatric disorders (such
as dementia and autism), symptomatic treatment of acute confusional symptoms and other
conditions not psychiatric (nausea, hiccups, migraine). Some studies show stability in the
prevalence (2.05%) and incidence (0.66%) in the use of antipsychotics in the last decade,
although showing an increase in its use in the infant-juvenile population and higher employ-
ment of second generation antipsychotics (SGAPs) [14]. Its mechanism of action is dopami-
nergic blocking. They are classified into two main groups: the classic or typical antipsychotics,
which present a blockade of the D2 dopaminergic receptor and are effective in the positive
symptoms of schizophrenia (hallucinations and delusions) but show extrapyramidal symp-
toms as the most notable side effects; and the atypical or second generation antipsychotics,
in addition to blocking the D2 receptor, exhibit muscarinic, adrenergic, serotonergic and
histamergic receptor activity, showing a broader spectrum of action (including positive and
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negative symptoms) and a different side effect profile of the typical ones (minor extrapyra-
midal symptoms, but weight gain, dry mouth, orthostatic hypotension, constipation, urinary
retention, narrow-angle glaucoma, sedation).

Hyponatremia is an adverse effect described both in the case of classical and atypical anti-
psychotics. It is postulated that the etiopathogenesis of hyponatremia in atypical antipsy-
chotics is mediated by the action of serotonin, both by the release of ADH induced by the
stimulation of central receptors 5-HT2 and 5-HT1c and by the increase in the effects of ADH
at the renal medullary level [15]. In the case of typical antipsychotics, prolonged blockade of
dopamine D2 receptors stimulates the release of ADH and increases its peripheral response
[16]. The occurrence of hyponatremia occurs in the first 3 weeks of treatment in up to 50% of
cases, although cases have also been reported in patients undergoing long-term chronic treat-
ments. On the other hand, in the case of antipsychotics, neither age nor female sex are risk
factors. The chemical structure and receptor affinity profiles of the dopamine D2 receptor and
serotonin 5-HT2A have not shown a variation with respect to the risk of hyponatremia [17].
Several studies describe that hyponatremia at admission is associated with greater medical
deterioration in hospitalized psychiatric patients [18], therefore adequate clinical monitoring
should be performed to identify and treat somatic pathologies and concomitant use of drugs.
Also, it is recommended to measure serum sodium in those patients on antipsychotic treat-
ment who present with seizures.

In a follow-up study over 15 years with a sample of 2051 patients diagnosed with schizophrenia
[19] from 1998 to 2013, an incidence of hyponatremia of 6.7% was observed. The study showed
that the use of antipsychotics, both typical and atypical, was associated with an elevated risk
of hyponatremia with respect to the nonuse of antipsychotics, even after adjusting for age, sex
and physical comorbidity. Age of diagnosis of the disease, low income, physical comorbidity,
psychiatric admissions and concomitant treatment with carbamazepine were also associated
with an increased risk of hyponatremia. Another retrospective study showed that treatment
with atypical antipsychotics in the elderly was associated with a modest but statistically sig-
nificant increase in the risk of hospitalization for hyponatremia in 30 days, an association that
was smaller than other psychotropic drugs [20]. A systematic review on hyponatremia and
the use of antipsychotics, published in 2010 [16], which includes 4 studies and 91 cases and
series of cases, showed that the diagnosis of schizophrenia and male sex were more frequently
associated with hyponatremia. Using the Naranjo Scale of Adverse Drug Reaction Probability
Scale, in 80% of the cases possible causality was determined, in 19% probable causality and in
1% impossible causality. No significant association was found between daily doses of drugs
and serum sodium or time to onset of hyponatremia. Currently, tolvaptan is positioned as a
drug approved by the FDA in the treatment of euvolemic and hypervolemic hyponatremia,
and useful in the management of hyponatremia associated with the use of antipsychotics [21].

3.1. First generation antipsychotics (FGAS)

In recent decades the use of typical antipsychotics has been progressively replaced by atypical
ones, by the receptor profile and side effects. Nonetheless, haloperidol continues to be the
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drug of choice in the management of agitation and acute confusional syndrome. Haloperidol-
related hyponatremia has been reported for decades [22, 27], but also with other first-gen-
eration antipsychotics such as chlorpromazine, perphenazine, and fluphenazine [23-25]. In
the majority of cases there were other intercurrent factors involved in the development of
hyponatremia (concomitant treatment with ACE inhibitors, diuretics and other psychotropic
drugs).

3.2. Second generation antipsychotics (SGAS)

3.2.1. Aripiprazole

Aripiprazole is a partial agonist of dopamine, frequently used for its efficacy in cognitive and
affective symptoms in psychosis. There are currently presentations for oral, parenteral and
prolonged release treatment. Literature collects cases of aripiprazole-induced hyponatremia
both in patients who developed the symptoms at the start of treatment [15] and in increasing
the dose [26], improving in all of them the clinical symptoms with interruption of treatment
and water restriction.

3.2.2. Olanzapine

It is an atypical antipsychotic, antagonist of D2 and 5HT2A receptor. It is commonly used
in clinical practice to control agitation and positive symptoms. Cases of olanzapine-induced
hyponatremia have been reported together with the concomitant use of other psychoactive
drugs [5, 27]. In 2014, a case of death was described in a young schizophrenic male who
presented with hyponatremia secondary to excessive water intake and which was related to
the increase in the dose of olanzapine, which could have acted aggravating the intoxication
itself [28].

3.2.3. Quetiapine

Synthesized in 1985, it is used in the treatment of schizophrenia, bipolar disorder, Alzheimer’s
disorder and major depression. There are few cases of SIADH induced by quetiapine,
something that could be related to underdiagnosis and underreporting of this situation.
Nonetheless, some cases are collected where quetiapine, together with other factors such as
advanced age and polytherapy, is involved in the development of hyponatremia [29-31].

3.2.4. Risperidone

Approved by the FDA in 1993 for the use of schizophrenia, exists in oral presentation and
depot. Like the other antipsychotics, risperidone has also been associated with the risk of
developing hyponatremia, although some cases have been described in which the use of ris-
peridone improved polydipsia in the schizophrenic patient [32, 33]. However, the results in
the literature are inconclusive and controversial regarding the improvement of certain atypi-
cal antipsychotics (olanzapine and risperidone) on primary polidipsia.
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3.2.5. Paliperidone

Paliperidone is an active metabolite of risperidone, indicated in the management of schizo-
phrenia and schizoaffective disorder. In 2016, a case of rhabdomyolysis, malignant neuro-
leptic syndrome and SIADH associated with paliperidone prolonged release in a 35-year-old
man hospitalized for psychotic decompensation was described. Two days after the adminis-
tration of the treatment, the patient presented with a tonic-clonic seizure that was attributed
to hypoosmolar hyponatremia [34]. It is important to remember that in all patients receiv-
ing antipsychotic treatment, serum sodium should be measured in the presence of epileptic
seizures.

3.2.6. Ziprasidone

Ziprasidone is an atypical antipsychotic indicated in psychotic agitation, schizophrenia and
manic and mixed episodes in bipolar disorder. The literature includes a series of cases in
which hyponatremia is observed in the context of the use of ziprasidone, concomitantly with
other psychopharmaceuticals such as duloxetine [35] and with comitial symptoms in the
debut of the hyponatremia [36], as a neurological symptom present in cases of hyponatremia.

3.2.7. Clozapine

Synthesized in the late 1950s, clozapine is considered the first atypical antipsychotic. It empha-
sizes its low rate of extrapyramidal effects and its antipsychotic potency, being currently
indicated in the management of resistant psychosis and psychotic symptoms in Parkinson’s
disease. Literature collects controversial data on its relationship with hyponatremia, although
some authors defend its use in Syndrome of Psychosis, Intermittent Hyponatremia and
Polydipsia (PIP syndrome) [37].

3.3. Syndrome of psychosis, intermittent hyponatremia and polydipsia (PIP
syndrome)

Hyponatremia in psychotic patients is a relatively frequent complication, both due to the
osmotic dysregulation of the disease and the secondary effect of antipsychotics. The PIP
syndrome is characterized clinically by the presence of acute confusional symptoms derived
from symptomatic hyponatremia and water intoxication. Between 6 and 20% of psychotic
patients presents with polydipsia. In psychotic patients, in addition to xerostomia and con-
sequent compulsive water intake, the role of supra-optic and paraventricular hypothalamic
nuclei, responsible for the regulation of thirst and secretion of antidiuretic hormone (ADH)
in the pathophysiology of hyponatremia, is postulated, as well as dopamine and endogenous
opioids as neurotransmitters involved in the ingestion of water. Neuroimaging studies in
schizophrenic patients show a ventricular dilation in basal conditions, however under condi-
tions of hyponatremia cerebral edema and ventricular contraction are observed. Some studies
show that the MDR1 C3435T polymorphism may increase the susceptibility to polydipsia in
schizophrenia [38].
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Despite its prevalence, morbidity and mortality, it is an underestimated entity in its preven-
tion and early diagnosis. One of the diagnostic challenges is the differentiation between hypo-
natremia induced by antipsychotics and PIP, since often the treatment of one of the entities
worsens the other. Some studies show that urine concentration measurements are useful to
differentiate both situations, detecting more frequently concentrated urine in pharmacologi-
cal hyponatremia and dilute urine secondary to psychotic decompensation [39]. While some
studies show that clozapine can generate polydipsia and hyponatremia, others show that it
improves the symptoms of polydipsia, so clozapine is postulated as a therapeutic option [37],
especially as an alternative to electroconvulsive therapy in cases of catatonia [40].

4. Antidepressants

The consumption of antidepressants has increased significantly in most Organization for
Economic Co-operation and Development (OECD) countries since the year 2000. There is
significant variation in consumption of antidepressants between countries. For example, in
Germany, antidepressant use had risen 46% in just 4 years, in case of Spain and Portugal, it
rose about 20% during the same period and Iceland led the pack in overall use with about
one in 10 people taking a daily antidepressant [41]. The new generation of antidepressant
drugs are widely used as the first line of treatment for major depressive disorders and are
considered to be safer than tricyclic agents due to a profile of better tolerability and lower rate
of side effects [42]. Several side effects are transient and may disappear after a few weeks fol-
lowing treatment initiation, but potentially serious adverse events may persist or ensue later.

Hyponatramia is the most common electrolyte disorder in ambulatory outpatients, especially
in the elderly, and is one of the many well-known side effects of antidepressants [43]. Most
of the evidence pointing toward an increased risk of hyponatremia with the use of antide-
pressant medications is based on multiple case reports and a few observational studies. It
is important to remember that mild hyponatremia is associated with instability and falls,
reduced cognitive function, osteoporosis and increased morbidity and mortality [44]. Most
studies are small and observational and only few have had the power to examine whether
specific antidepressants carry a higher or lower risk of hyponatremia.

Hyponatremia, usually, is not dose dependent and the patient recovers when treatment with
antidepressant is interrupted. For this reason, early detection as well as the evaluation of
concomitant risk factors in all patients starting antidepressant are important. Besides, it seems
necessary to supervise sodium plasma levels periodically when patients are in treatment with
antidepressants and to choose safe drugs between all possibilities [45].

The selective serotonin reuptake inhibitors (SSRIs) and venlafaxine appear to be the antide-
pressants most commonly associated with hyponatremia. Between the SSRIs, the inci-
dence of hyponatremia varies based on the definition of hyponatremia used. On the one
hand, studies which defined hyponatremia as serum sodium levels <135 mmol/l, the inci-
dence ranged from 9 to 40%. On the other hand, the incidence decreased to 0.06-2.6% when
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hyponatremia was defined as serum sodium levels <130 mmol/l. The number of case reports
and small observational studies with hyponatremia concerning SSRI is substantially higher
than the number of case reports and observational studies with other antidepressants, but it
is not clear whether this is due to a true difference in incidence of hyponatremia. A review
concluded that current evidence suggests a relatively higher risk of hyponatremia with SSRIs
and venlafaxine compared to tricyclic antidepressants (TCA) and mirtazapine, but for several
antidepressants, data were insufficient to determine the risk of hyponatremia [46]. We found
that there were no consistent difference in the incidence of hyponatremia among different
SSRI members, but available data indicate that the incidence could be slightly higher for
citalopram, fluoxetine and escitalopram, whereas incidence rates may be lower for sertraline
and paroxetine [47-49].

Nevertheless, according to national and international pharmacovigilance committees, 1/3 of
the reports of drug induced hyponatremia are severe, with the greatest frequency involving
paroxetine, fluoxetine, fluvoxamine, citalopram, venlafaxine, escitalopram and sertraline [50].

The data looking at the risk of hyponatremia associated with the use of serotonin—norepi-
nephrine reuptake inhibitors (SNRIs) are even more limited. Most studies have found inci-
dence rates of hyponatremia comparable to the ones reported for SSRIs. Incidence figures for
mirtazapine and tricyclic antidepressants (TCAs) appear to be lower [46, 51].

The mechanisms of antidepressants induced hyponatremia remain incompletely elucidated,
but these agents can act by either increasing the release of antidiuretic hormone (ADH) or
increasing the sensitivity to ADH resulting in a clinical picture similar to the syndrome
of inappropriate secretion of ADH [12]. It must be clarified that the precise mechanism is
not known but today it is known that antidepressants are thought to cause the syndrome
of inappropriate antidiuretic hormone release (SIADH) by direct or indirect stimulation of
vasopressin release from the posterior pituitary gland. SIADH can be produced by multiple
causes (hyponatremia with plasma hyposmolality and increased urinary excretion of sodium,
increase in urinary osmolality, hypotension, heart failure, nephropathy, liver disease...) and
lead to retention of water and to hyponatremia [52]. The prevalence of STADH in patients using
antidepressants has been described in several case reports and a case series and is estimated to
occur in five of every 1000 patients treated per year [44, 46, 53-54]. If we take into account the
genetic factor, it is known that most antidepressants are metabolized by the hepatic enzyme
cytochrome P450 2D6 (CYP2D6), which is highly polymorphic with >60 variant alleles (http://
www.cypalleles.ki.se). In case of individuals carrying two functional CYP2D6 alleles (*1, *2)
have “normal” enzyme activity and are classified as extensive metabolizers. However, 5-10%
of the population lack enzyme activity due to inheritance of two nonfunctional alleles (*3, *4,
*5,%6) and form the so-called poor metabolizers. CYP2D6*4 is the most common variant allele
in Caucasians (allele frequency of 20%) [55]. Poor metabolizers have higher plasma concentra-
tions of antidepressants metabolized by CYP2D6 and are therefore more likely to suffer from
adverse drug events [56]. It has been hypothesized that hyponatraemia or low serum sodium
concentration may be one of these adverse events [57]. This review evaluated the literature on
association of hyponatremia and the different families of antidepressants.
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4.1. SSRI: selective serotonin reuptake inhibitors

The phenomenon of recurrent hyponatremia induced by the use of SSRI has been described
in the literature by some authors in subjects who were exposed to it.

Sertraline: In 2013 there were over 41 million prescriptions, making it the most prescribed
antidepressant and second most prescribed psychiatric medication in the United States [58]
and is used for a number of conditions. There are many publications with patient cases that
take this treatment and suffer from hyponatremia [59, 60].

Paroxetine: Paroxetine is primarily used for many mental disorders, has a well-known dis-
continuation syndrome and shares many of the common adverse effects of SSRIs such as
hyponatremia [61-63].

Fluoxetine: It is a widely used antidepressant, with a multitude of indications and has been
assessed as the most effective and safe medicine needed in a health system [64]. There are
many cases of patients with hyponatremia taking this treatment [65].

Citalopram: This antidepressant has a good anxiolytic profile but some cases of hyponatremia
were recorded [66, 67].

Escitalopram: Is the (S)-stereoisomer of the earlier medication citalopram, used in clinical prac-
tice and is related with cases of hyponatremia [68, 69].

Fluvoxamine: Antidepressant with some uses and some analgesic properties. Many cases of
hyponatremia were related [70, 71].

4.2. SNRI: serotonin-norepinephrine reuptake inhibitors

Data looking at the risk of hyponatremia associated with the use of SNRIs are even more
limited but some cases were described.

Venlafaxine: Drug widely used in daily clinical practice, with indications for mental disorders
and painful pathology. Cases of hyponatremia were registered [72-74].

Duloxetine: Recommended as a first line agent for the treatment of chemotherapy-induced
neuropathy and for fibromyalgia in the presence of mood disorders, in addition to other dis-
orders. There are patient cases that take this treatment and suffer from hyponatremia [75, 76].

Desvenlafaxine: Desvenlafaxine is a synthetic form of the major active metabolite of venlafax-
ine and some cases of hyponatremia were registered [77].

4.3. Mirtazapine

It has noradrenergical and specific serotonergical antidepressant effect and it is more likely
to cause weight gain and sleepiness than other treatments. Some cases of hyponatremia were
described [14, 53-55], however, this antidepressant has not been associated with hyponatre-
mia in all cases or with less power of association to this side effect [46, 49, 53, 60, 76, 78].
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4.4. Bupropion

Is a norepinephrine-dopamine reuptake inhibitor (NDRI) primarily used as an antidepressant
and smoking cessation aid and related with cases of hyponatremia [79, 80], but less than other
antidepressants and that does not happen in all cases [51, 61].

4.5. Tricyclic antidepressants

Discovered in the early 1950s, they have number of uses, many of their side effects may be
related to the antimuscarinic properties and cases of hyponatremia were registered [81], but
with fewer registered cases than with other antidepressants [47, 49, 82].

4.6. Vortioxetine

New antidepressant so-called serotonin modulator and stimulator and two cases of patients
with hyponatremia were registered [83].

4.7. Trazodone

Is a serotonin antagonist and reuptake inhibitor that is widely used for the treatment of
depression and insomnia. We found controversial results for relationship between trazodone
and hyponatremia: case reports in patients on treatment [84], some cases were reported in
overdose [85] or articles which describe less power of association to this side effect [51].

4.8. Agomelatine

Agomelatine is a potent agonist at melatonin receptors and an antagonist at serotonin-2C
(5-HT2C) receptors. Given the limited references of hyponatremia associated with agomela-
tine, it has been postulated as a therapeutic alternative in those patients with risk or a history
of hyponatremia that require antidepressant treatment [5].

4.9. Mianserine

Mianserin is a tetracyclic antidepressant with serotonergic (5HT2, 5HT1c), histaminergic and
adrenergic (al,a2) inhibitory activity. Some studies report that the association of hyponatre-
mia and mianserin is low [86].

5. Antiepileptics

Epilepsy is a group of neurological disorders characterized by epileptic seizures. It is estimated
that nearly 40 million people have epilepsy [86], with differences between countries and age
groups. The median incidence of epilepsy is around 50.4/100,000/year: 45.0 for high-income
countries and 81.7 for low- and middle-income countries [87]. Incidence is highest in old age
(>60 years of age), with an estimated 60-135 new cases per 100,000 older adults each year
[87]. Antiepileptics are, usually, initiated as monotherapy for the treatment of epilepsy [88].
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However, these drugs are also often used in treatment of nonepileptic conditions such as pain
and psychiatric disorders, for this reason it is very common in clinical practice that we find
antiepileptics associated with other drugs [89].

As with antidepressants, many cases of hyponatremia are associated with the use of anti-
epileptic drugs and have been reported and published. However, there are great differences
between them [90]. Besides all this, it is important to differentiate cases of antiepileptic that
induce asymptomatic hyponatremia and can be easily corrected [91] from cases of severe or
symptomatic hyponatremia. Last ones are associated with various types of neurological dam-
age: seizures, altered mentality, brain stem herniation, death, etc., [92]. Because hyponatremia
frequently goes undiagnosed and untreated with associated risks, next we will talk about the
effect of different antiepileptics in this electrolyte abnormality.

5.1. Phenytoin

This drug was approved by the FDA in 1953. It works by blocking voltage-sensitive sodium
channels. It is one of the most used and affordable antiepileptics, with several presentations.
Some cases of hyponatremia related to the use of this drug have been described [93], but with
less intensity than with other antiepileptic drugs [94].

5.2. Carbamazepine

Is used primarily in the treatment of epilepsy, neuropathic pain, schizophrenia along with
other medications and as a second line agent in bipolar disorder. Carbamazepine is on the
World Health Organization’s List of Essential Medicines, the most effective and safe medi-
cines needed in a health system World Health Organization [70]. It has sodium channel block-
ing effect. There are many publications with patient cases that take this treatment and suffer
from hyponatremia, so it is one of the antiepileptics most frequently associated with this side
effect [90, 93, 95-97].

5.3. Oxcarbazepine

Is a structural derivative of carbamazepine and acts by blocking voltage-sensitive sodium
channels. Its use can reduce the occurrence of epileptic episodes, and in psychiatry, has been
shown to improve mood (option for add-on therapy in the treatment of bipolar disorder) and
reduce anxiety. There is approximately a 25-30% chance of cross-reactivity between carbam-
azepine and oxcarbazepine. Number of cases of hyponatremia have been recorded with this
treatment and with greater strength of association [49, 84, 90, 92, 98, 99].

5.4. Eslicarbazepine acetate

The active component, eslicarbazepine, stabilizes the inactive state of voltage-gated sodium
channels (same mechanism of action as oxcarbazepine). This new antiepileptic has potential
uses for the treatment of trigeminal neuralgia and bipolar disorder. Cases of hyponatremia
were recorded [91, 100, 101].
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5.5. Topiramate

Its therapeutic activity and medical indications are very extensive, probably related to mul-
tireceptorial effects: voltage-gated sodium channels, GABA-A, AMPA /kainate, high-voltage-
activated calcium channels and carbonic anhydrase isoenzymes. Some cases of hyponatremia
are related [85], but with less frequency than with other antiepileptic drugs [102].

5.6. Lamotrigine

Is a sodium channel blocking drug (inhibits voltage-sensitive sodium channels), suppress the
release of glutamate and aspartate (two dominant excitatory neurotransmitters) and blocks
L-, N-, and P- type calcium channels, among other receptor effects. It is used in several neuro-
logical and psychiatric disorders and patients with hyponatremia has been notified [90, 103].

5.7. Valproate

Acts through blockade of voltage-gated sodium channels and increased brain levels of
gamma-aminobutyric acid (GABA). It is used as primary option to treat epilepsy, bipolar dis-
order and to prevent migraine headaches, and is included in the World Health Organization’s
List of Essential Medicines, the most effective and safe medicines needed in a health system
[64]. Many cases of hyponatremia with Valproate’s treatment were identified [90, 93, 104-106].

5.8. Gabapentin

Is used primarily to treat seizures and neuropathic pain, and is commonly used to treat anxi-
ety and other disorders. Gabapentin bind to the a26-1 subunit of voltage-gated calcium chan-
nels, interacts with NMDA receptors, protein kinase C and inflammatory cytokines. There is
little relationship between hyponatremia and the use of this drug [90].

5.9. Levetiracetam

This antiepileptic is used to treat epilepsy and different types of seizures. It also associates a
multitude of indications for its use: Tourette syndrome, anxiety disorder, neuropathic pain...
It acts as a neuromodulator binding to a synaptic vesicle glycoprotein (SV2A) and by inhib-
iting presynaptic calcium channels. Association of some cases of hyponatremia and use of
levetiracetam has been documented [90, 107].

5.10. Pregabalin

It is useful when added to other treatments for many indications. It is an analog of GABA and
increases the density of GABA transporter proteins, the rate of functional GABA transport
and the extracellular GABA concentrations. Few cases of hyponatremia with use of pregaba-
lin were reported [108].
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6. Conclusions

Hyponatremia is a frequent clinical situation in clinical practice, both in outpatient and inpa-
tient settings. Clinical manifestations have a broad spectrum with effect on different indica-
tors such as morbidity and mortality. Nevertheless, this side effect is avoidable and reversible.
Given the wide use of psychotropic drugs (antidepressants, antipsychotics and antiepileptics)
and its current growing use, it is important to know those pharmacological options with lower
risk of hyponatremia such as bupropion, trazodone, mianserin, pregabalin or gabapentin.

We have seen that etiology of hyponatremia is multifactorial and involves pharmacological
origin (increase in the production or potentiation of the effects of antidiuretic hormone, altera-
tion of the homeostasis of sodium and water), but many other factors such as advanced age,
associated pathologies, female sex, weight or use of concomitant drugs also contribute to the
development of hyponatremia. It is important to identify vulnerable patients and to measure
sodium levels frequently, especially in the first few days after initiating treatment to help
prevent or correct hyponatremia and its undesirable effects.
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Abstract

Metabolic alkalosis is a disorder where the primary defect, an increase in plasma bicar-
bonate concentration, leads to an increase in systemic pH. Here we review the causes
of metabolic alkalosis with an emphasis on the inherited causes, namely Gitelman syn-
drome and Bartter syndrome and syndromes which mimic them. We detail the impor-
tance of understanding the kidney pathophysiology and molecular genetics in order to
distinguish these syndromes from acquired causes. In particular we discuss the tubular
transport of salt in the thick ascending limb of the loop of Henle, the distal convoluted
tubule and the collecting duct. The effects of salt wasting, namely an increase in the renin-
angiotensin-aldosterone axis are discussed in order to explain the biochemical pheno-
types and targeted treatment approaches to these conditions.
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1. Introduction

Metabolic alkalosis is a disorder where the primary defect, an increase in plasma bicarbon-
ate concentration, leads to an increase in systemic pH. Various mechanisms underpin the
pathophysiology of metabolic alkalosis, which is defined by an arterial bicarbonate concen-
tration of over 28 mmol/L or a venous total carbon dioxide concentration of greater than
30 mmol/L. The body compensates for alkali retention and subsequent elevated arterial pH by
inducing respiratory hypoventilation resulting in an accompanying rise in PaCO,. Normally
the kidney, which has a protective mechanism against the development of significant
increases in bicarbonate, will excrete excess alkali to restore the body to its homeostatic pH,
but certain factors can impair this ability resulting in a sustained alkalotic state. Here we will
review the pathophysiological mechanisms and clinical settings in which metabolic alkalosis
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may occur [1-4] and give an overview of the causes of the inherited forms of metabolic alka-
losis. The importance of defining a molecular genetic cause of metabolic alkalosis is reviewed
alongside the common mimics of some of the inherited metabolic alkalosis syndromes.

2. Pathophysiology of metabolic alkalosis

The following mechanisms result in the elevation of serum bicarbonate; excessive loss of
hydrogen ions by the kidney or via the GI tract, intracellular shift of hydrogen ions, retention
of exogenous bicarbonate ions or volume contraction around a constant supply of extracel-
lular bicarbonate (contraction alkalosis) [5].

As water dissociates in the body to hydrogen and hydroxyl ions, the hydroxyl ions combine
with carbon dioxide, resulting in bicarbonate, as hydrogen ions are removed from extracellular
fluid. Hydrogen ion removal in the kidney and GI tract is accompanied by loss of potassium
and chloride so hypokalaemia and hypochloraemia often coexist with metabolic alkalosis.

Ability to excrete excess bicarbonate depends on the normal function of nephrons within the
kidneys. The kidney therefore is implicated in the pathophysiology of most forms of meta-
bolic alkalosis. The following scenarios result in a degree of impairment of this important
mechanism: hypovolaemia, reduced glomerular filtration rate (GFR), reduced effective arte-
rial volume, hypokalaemia, hypochloraemia or hyperaldosteronism.

2.1. Volume depletion

Both reduced extracellular volume and arterial pressure will reduce GFR and thus activate
the renin-angiotensin-aldosterone and sympathetic nervous system. Decreased GFR reduces
bicarbonate filtration by the kidney and angiotensin and sympathetic activation increases
bicarbonate reabsorption and generation in addition to sodium reabsorption in the tubule.
This is done in the following ways:

* Angiotensin-2 stimulates apical sodium-hydrogen exchange and basolateral sodium bicarbon-
ate co-transport in the proximal tubule. This increases bicarbonate and sodium reabsorption.

¢ In the apical membrane of alpha-intercalated cells of the collecting duct angiotensin-2 and
aldosterone increase H*-ATPase pump activity resulting in increased urinary excretion of
hydrogen ions. This results in increased intracellular bicarbonate generation which exits
the cell in exchange for chloride via the basolateral membrane.

* Increases in aldosterone stimulate the apically located ENaC channel in the principal cells,
which generates an electronegative potential in the tubular lumen. This enhances hydro-
gen and potassium ion excretion.

2.2. Sodium intake

A low sodium chloride diet will increase the bicarbonate reabsorption in the kidney enough
to elevate serum pH although the reverse is not true with a high salt diet even though this will
encourage the kidney to excrete sodium bicarbonate.
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2.3. Chloride depletion

Chloride depletion secondary to vomiting or nasogastric suction leads to a metabolic alkalo-
sis. Chloride depletion metabolic alkalosis causes concomitant potassium depletion through
renal loss of potassium. A less severe chloride depletion metabolic alkalosis is seen with the
use of thiazide and loop diuretics.

2.4. Hypokalaemia

Hypokalaemia causes alkalosis by moving hydrogen ions into the intracellular space in
exchange for extracellular movement of potassium and hypokalaemia maintains an alkalosis
by increasing renal bicarbonate reabsorption. Hypokalaemia (and aldosterone) stimulates the
distal Na'-K*-ATPase and H*-ATPase pumps in the apical membrane of alpha-intercalated
cells to reabsorb potassium and secrete hydrogen and subsequently maintain alkalosis.
Hypokalaemia also causes extracellular movement of potassium in exchange for intracellular
movement of sodium and hydrogen which generates extracellular bicarbonate although co-
existent intracellular acidosis. This intracellular acidosis stimulates renal bicarbonate reab-
sorption, hydrogen secretion and ammonium synthesis and excretion.

2.5. Increased aldosterone

Hyperaldosteronism in addition to increased distal tubule sodium delivery results in sodium
reabsorption and hydrogen and potassium ion secretion. Any hyper-reninaemic state which
will result in an increase in aldosterone production will have the same effects.

2.6. Volume contraction and beta-intercalated cells

Distal tubule chloride delivery is essential for the beta-intercalated cell to secrete bicarbonate as
this occurs by an apical anion exchange protein called Pendrin (Figure 3). As volume contraction
reduces distal chloride delivery, bicarbonate secretion will reduce as will chloride reabsorption.
Urine pH becomes acidic with little chloride, sodium and potassium, so beta-intercalated cells
are blunted from excreting bicarbonate and correcting the metabolic alkalosis [1-4].

3. Causes of metabolic alkalosis

3.1. Diuretics

Loop diuretics (Furosemide, Bumetanide, Torsemide) inhibit the apical Na*—K*-2CI" co-
transporter in the thick ascending limb of the loop of Henle where 20-25% of sodium is typi-
cally reabsorbed. Metabolic alkalosis occurs in several ways [6, 7]:

* Increased distal sodium delivery results in stimulation of the aldosterone sensitive sodium
channel (ENaC) which increases hydrogen/potassium ion excretion.

¢ Hypochloraemia will also contribute to the metabolic alkalosis.

The same principle also applies to other diuretics such as thiazides.
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3.2. Post-hypercapnia

Patients who are chronic CO, retainers typically develop a compensatory metabolic alkalosis
due to renal bicarbonate retention. Once the hypercapnia is reversed with ventilatory sup-
port, the renal bicarbonate retention takes longer to correct and these patients usually have a
chronically elevated bicarbonate [8].

3.3. Non-reabsorbable anion delivery

Antibiotics particularly Beta-lactams act as non-reabsorbable anions in the renal tubule which
therefore promotes potassium and hydrogen excretion which results in metabolic alkalosis [9].

3.4. Inherited salt wasting alkaloses

Bartter and Gitelman syndromes are both autosomal recessive inherited disorders which
result in characteristic features due to a hereditary dysfunction in a tubular salt handling [10].
Both result in hypokalaemia, metabolic alkalosis, hyper-reninaemia and hyperaldosteronism
with low blood pressure. The prevalence of Gitelman syndrome is about 1 in 40,000 compared
with Bartter syndrome, which has a prevalence of 1 in 1,000,000. Bartter syndrome is more
severe and may cause perinatal death due to salt wasting crises. The clinical phenotype that
is seen with Gitelman syndrome mimics the chronic ingestion of a thiazide diuretic and that
of Bartter syndrome mimics a chronic loop diuretic effect (Table 1). Bartter and Gitelman
syndrome carriers (heterozygous for a mutation in causative gene) typically have lower blood
pressure than that of the general population and may have mild biochemical phenotypes and
some clinical symptoms.

Bartter syndrome results from a primary defect in sodium chloride reabsorption in the thick
ascending limb of the loop of Henle (Figure 1). Salt (sodium) wasting results in volume
depletion which activates juxtaglomerular secretion of renin and subsequent juxtaglomerular
hyperplasia and hyperaldosteronism. Volume depletion and increased distal tubular sodium
delivery result in tubular potassium and hydrogen secretion in the urine [11, 12]. Paracellular
reabsorption of calcium and magnesium in the thick ascending limb of the loop of Henle is
driven by sodium chloride reabsorption in this nephron segment. Reduced sodium absorp-
tion here results in hypercalciuria and hypomagnesaemia [13].

To date, there are five types of Bartter syndrome based on different genetic defects (Figure 1)
with slightly variable phenotypic presentations [14].

Type 1: mutations SLCI2A1 which encodes the apically located Na-K-2Cl (NKCC2) resultin a
severe phenotype which can cause maternal polyhydramnios and prematurity. Subsequently,
few survive infancy due to extreme salt wasting resulting in significant hypokalaemia, meta-
bolic alkalosis, polyuria and hypercalciuria.

Type 2: mutations in KCNJ1, which encodes the apical potassium channel ROMK essential for
potassium recirculation in the thick ascending limb of the loop of Henle results in salt-wasting
alkalosis. Nephrocalcinosis is common which often results in later renal dysfunction and, in
some cases, end stage renal failure [15].
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Bartter syndrome

Gitelman syndrome

Site of defect

Metabolic alkalosis
Hypokalaemia

Hypocalcaemia

Hypomagnesaemia

Urine chloride and sodium
excretion

Urine potassium excretion
Urine calcium excretion
Urinary concentrating ability
Urine prostaglandin excretion

Hyper-reninaemic
Hyperaldosteronism

Age at presentation
Polyhydramnios
Failure to thrive
Growth retardation
Polyuria and polydipsia
Sensorineural deafness
Chondrocalcinosis

Nephrocalcinosis

Muscle weakness/tetany

NKCC2, ROMK, CLC-KB, CLC-KA

and CaSR in the thick ascending
limb of the loop of Henle

Present
Present

Rare (seen in Type 5 Bartter
syndrome)

Occasionally present

High

Normal/high
Normal/high
Impaired
High

Present

Antenatal/neonatal periods
Common

Typically present
Typically present

Present

Present in Type 4 Bartter syndrome

Absent

Present in Type 1 and Type 2
Bartter syndrome

Occasionally present

Apical sodium chloride co-transporter (NCCT)
at the distal convoluted tubule

Present
Present

Absent

Present

Normal/high

High
Low
Normal
Normal

Present

Childhood/adolescence/adult
Absent

Absent

Rarely present

Absent

Absent

Occasionally present

Absent

Present

Table 1. Differences between Bartter and Gitelman syndrome.

Type 3: mutations in CLCNKB result in loss of function of the basolateral chloride channel
CIC-Kb which is historically described as the ‘classical’ form of Bartter syndrome. This form
is less severe and may present later in childhood. Co-expression of CIC-Ka results in a less
severe phenotype. Some patients with CLCNKB mutations have a Gitelman syndrome phe-
notype with hypocalciuria and thiazide non-responsiveness because CIC-Kb is also involved
with chloride reabsorption along the distal convoluted tubule in addition to the thick ascend-
ing limb of the loop of Henle. Late renal impairment can feature in this form of Bartter syn-
drome mainly due to nephrocalcinosis and the adverse effects of NSAIDS (used as treatment

for the condition) [16].
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THICK ASCENDING LIMB OF LOOP
OF HENLE
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Figure 1. The thick ascending loop of Henle and the transporters and channels associated with tubulopathies.

Type 4: two mechanisms underlie type 4 Bartter syndrome. Both defects cause severe disease
in the antenatal period and present with co-existent congenital deafness. Progressive renal
failure is more common but nephrocalcinosis is less commonly seen. Type 4A is a consequence
of a defect in the Barttin subunit that is essential to the function of both the chloride channels
ClC-Ka and CIC-Kb which are present in both the renal tubule and the stria vascularis of the
cochlear (inner ear). Bartter type 4b involves a second mechanism whereby digenic mutations
affect both chloride channels (CLCNKA and CLCNKB) [17].

Type 5: this form of Bartter syndrome is due to a gain of function mutation in CASR encoding
the calcium sensing receptor (CaSR). This is also termed autosomal dominant hypocalcaemia.
This condition results in a low serum calcium as a result of downward ‘resetting’ of the para-
thyroid gland and hypocalcaemia subsequently inhibits parathyroid hormone release. The
gain of function mutation in CaSR additionally regulates paracellular calcium transport in the
thick ascending limb of the loop of Henle. CaSR over-activation reduces ROMK expression in
addition to blunting Na*-K*-2Cl" co-transporter expression resulting in renal sodium chloride
wasting. Calcium and magnesium reabsorption via paracellular channels is inhibited due to
lack of electrochemical gradient to drive paracellular reabsorption. This Bartter syndrome
subtype is unique due to the presence of hypocalcaemia and an autosomal dominant inheri-
tance pattern and has a milder phenotype (with much less alkalosis) and with later onset [18].

A transient form of Bartter syndrome exists as an X-linked pattern of inheritance which mani-
fests in the antenatal period. This form presents with severe polyhydramnios and prematurity
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if the foetus survives to this stage. Severe salt wasting results in foetal polyuria and those that
survive to birth have spontaneous resolution in symptoms over the first few months/years of
life. Mutations in MAGED?2, which encodes melanoma-associated antigen D2, underlie this
condition. The gene is thought to affect the antenatal expression and function of NKCC2 and
NCC via adenylate cyclase, a cytoplasmic heat-shock protein and cyclic AMP [19].

The apically expressed furosemide sensitive co-transporter/sodium potassium chloride co-
transporter (NKCC2) is shown. Mutations in Type 1 Bartter syndrome are associated with
dysfunction in this channel, leading to salt wasting. Mutations in the apical potassium chan-
nel ROMK cause Type 2 Bartter syndrome. ROMK is essential for potassium recycling back to
the lumen of the tubule in this nephron segment. Mutations in CLCNKB encoding the basolat-
eral chloride channel CIC-Kb cause type 3 Bartter syndrome (as well as causing phenotypes
similar to Gitelman syndrome). Type 4 Bartter syndrome is due to mutations in BSND which
acts as a subunit for both CIC-Kb and CIC-Ka (not shown). BSND mutations also cause sen-
sorineural deafness. The basolateral calcium-sensing receptor (CaSR) regulates ROMK and
its overstimulation/gain of function causes an inhibition of ROMK, producing a Bartter-like
phenotype. Calcium and magnesium are resorbed via paracellular channels, and any loss
of the electrochemical driving force will lead to hypercalciuria and magnesium wasting.
Dysfunction at this nephron segment leads to severe renal salt wasting, which activates the
renin-angiotensin-aldosterone system. The increased delivery of salt to the cortical collecting
duct promotes aldosterone dependant Na* reabsorption via ENaC, which is coupled to K* and
H* secretion, thus accounting for the hypokalaemic alkalosis seen.

Gitelman syndrome differs from Bartter syndrome due to the presence of hypocalciuria and
does not typically manifest until adolescence or adulthood. Differentiating Gitelman syn-
drome from Type 3 Bartter syndrome can be difficult [20] due to expression of CLCKNB in
distal nephron segments as well as the thick ascending limb of the loop of Henle.

Gitelman syndrome results from inactivating mutations in SLC12A3 which encodes the
sodium chloride co-symporter (NCCT) (Figure 2) in the distal convoluted tubule [21]. The
clinical phenotype can be variable and no phenotype-genotype correlation is yet understood.
It is theorised that lack of correlation could be due to differences in function and/or expres-
sion of other basolateral chloride channels such as the voltage-gated chloride channel, KCI
co-transporter or the cystic fibrosis transmembrane conductance regulator [22].

EAST syndrome (alias SeSAME, OMIM #612780) is causes by mutations in KCNJ10, a baso-
lateral potassium channel (Figure 2) expressed in the distal convoluted tubule [23, 24].
Biochemically, the phenotype exactly mimics Gitelman syndrome. Extra-renal manifestations
of epilepsy, ataxia and speech dyspraxia make the syndrome recognisable.

The apically expressed thiazide sensitive co-transporter/sodium chloride co-transporter
(NCCT) is shown. Mutations in Gitelman syndrome are associated with dysfunction in this
channel, leading to salt wasting. Mutations in the basolateral potassium channel KCNJ10
cause EAST syndrome and the serum biochemistry phenotypically mimics Gitelman syn-
drome. This channel is required for potassium recycling from the Na*-K*—ATPAse. Mutations
in CLCNKB encoding the basolateral chloride channel CIC-Kb can also mimic Gitelman syn-
drome (as well as causing Bartter syndrome). Dysfunction of the apical magnesium channel
in the distal convoluted tubule encoded by TRPME6 is seen in Gitelman syndrome, explaining
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Figure 2. The distal convoluted tubule and the transporters and channels associated with tubulopathies.

the hypomagnesaemia. Renal salt loss activates the renin-angiotensin-aldosterone system
and increased delivery of salt to the cortical collecting duct promotes aldosterone dependant
Na* reabsorption via ENaC, which is coupled to K" and H* secretion, thus accounting for the
hypokalaemic alkalosis seen.

Treatment for these in inherited salt wasting alkaloses conditions, in addition to electrolyte
replacement, can comprise of NSAIDs, typically indomethacin. Renal production of PGE2 is
typically elevated in response to reduced entry of chloride into the macula densa in the end
of the thick ascending limb in these conditions [25]. Cyclooxygenase 2 expression is subse-
quently increased. PGE2 stimulates renin release by the juxtaglomerular apparatus contrib-
uting to the phenotype. PGE2 synthesis inhibition by NSAIDS will therefore reverse many
of the clinical and biochemical abnormalities found in Bartter syndrome or phenotypically
severe Gitelman syndrome (and EAST syndrome) [26].

4. Pendred Syndrome

Pendred syndrome is an autosomal recessive disorder resulting from biallelic mutations in
SLC26A4 which encodes Pendrin, a multi-functional anion transporter. Pendrin acts a chloride/
bicarbonate exchanger in the cochlear, mediates iodide transport in the apical membrane of
thyrocytes and as a chloride/bicarbonate exchanger in the apical membrane of beta-intercalated
cells in the collecting duct (Figure 3). The resulting clinical picture is of sensorineural deafness,
hypothyroidism, goitre and impaired bicarbonate secretion in states of metabolic alkalosis.
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Figure 3. Pendrin expression in the intercalated cells of the kidney.

Failure of the compensatory mechanisms in alkalotic states such as those triggered by diuretics,
including thiazides, can result in a life threatening metabolic alkalosis [27].

Pendrin is expressed on the apical membranes of type B intercalated cells (shown) as well
as and non-A, non-B intercalated cells (not shown). Mutations in SLC26A4, which encodes
Pendrin, lead to a failure of the kidney to secrete a bicarbonate load, which is generated from
intracellular carbonic anhydrase type 2, leading towards a metabolic alkalosis.

4.1. Glucocorticoid remedial Aldosteronism

Glucocorticoid remediable aldosteronism (GRA) is an autosomal dominant inherited cause
of hypertension and is one of three known forms of familial hyperaldosteronism. Normally,
aldosterone synthesis occurs in the zona glomerulosa of the adrenal gland which intentionally
lacks the 17-hydroxylase enzyme to synthesise cortisol. In GRA, aldosterone is synthesised
in the ACTH-sensitive zona fasciculata. In the zona glomerulosa, the gene CYP11B2 encodes
aldosterone synthase which catalyses the conversion of deoxycorticosterone to corticosterone
and 18-hydroxycorticosterone to aldosterone. In the zona fasciculata, CYP11B1, which encodes
11p-hydroxylase, catalyses the conversion of 11-deoxycortisol to cortisol. In GRA, there is a
chimeric gene duplication that results from unequal crossing over of CYP11B1 and CYP11B2
resulting in ACTH-dependent activation of aldosterone synthase (rather than by the renin-
angiotensin-aldosterone system) which causes a significant increase in 18-oxocortisol and
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18-hydroxycortisol. As this reaction occurs in the zona fasciculate, the aldosterone secretion
is not sensitive to potassium loading as it would be in a normal subject due to the consistent
prolonged release of ACTH. Consequentially, you do not always get hypokalaemia with this
condition in contrast to subjects with other forms of hyperaldosteronism. Hypertension typi-
cally develops before the age of 21 and significant hypokalaemia develops following thiazide
diuretic administration due to its effect on increased distal tubular sodium delivery to aldo-
sterone-sensitive potassium secretion site in the collecting duct. Although there is intra-family
phenotypic variability with GRA, there is a strong prevalence of haemorrhagic stroke related to
cerebral aneurysm which is even more prevalent than seen in autosomal dominant polycystic
kidney disease [28, 29]. Subjects with GRA should subsequently have a cerebral MRA every
5 years from puberty. Genetic testing is now preferred to a dexamethasone suppression test and
demonstration of elevated 18-oxocortisol and 18-hydroxycortisol [30]. Treatment comprises of
ACTH suppression with glucocorticoids with careful attention to the growth retardation effects
of over-treatment in paediatric subjects. This will restore normotension and normokalaemia.
Alternatively, mineralocorticoid receptor antagonists such as spironolactone may be used [31].

4.2. Congenital adrenal hyperplasia

Over 95% of patients with congenital adrenal hyperplasia have defective conversion of
17-hydroxyprogesterone (170HP) to 11-deoxycortisol. This is because of a mutation in the
CYP21A2 gene which encodes the enzyme 21-hydroxylase which is responsible for this con-
version. CAH is an autosomal recessive disorder comprising two distinct types based on
whether the condition is accompanied by salt wasting. Girls typically present with atypical
genitalia (clitoral enlargement, urogenital sinus, labial fold fusion and genital orifice migra-
tion) but can present simply with severe salt wasting alone in the neonatal period. Boys typi-
cally present with severe salt wasting and do not manifest genital abnormalities until they
reach an early onset puberty when they are toddlers. Phallic enlargement and hyperpigmen-
tation can occur. CAH is diagnosed when the serum 17-hydroxyprogesterone concentration
is elevated. Adrenal ultrasound has additional diagnostic value in the neonatal period reveal-
ing a lobulated surface, adrenal limb length greater than 4 mm and abnormal echogenicity.
A prenatal diagnosis can be made by molecular analysis of CYP21A2. Treatment involves a
glucocorticoid such as hydrocortisone to replace cortisol deficiency and hyperandrogenaemia
and subsequent fertility difficulties. Mineralocorticoid replacement such as fludrocortisone is
necessary to reverse salt wasting and volume depletion and testicular US surveillance from
adolescence due to an increased risk of testicular adrenal rest tumours [32, 33].

4.3. Apparent mineralocorticoid excess

Mineralocorticoid receptors in the collecting duct bind aldosterone and cortisol with similar
affinity. Cortisol is normally converted into its inactive form cortisone by the enzyme 11-beta-
hydroxysteroid type 2 at sites of aldosterone activity to prevent competitive inhibition with
aldosterone. In AME, a mutation in 11-beta-hydroxysteroid type 2 results in a reduction of
cortisol conversion to cortisone and subsequently the mineralocorticoid receptor is activated
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by excess cortisol. AME is autosomal recessive and causes severe hypertension in children
in addition to hypercalciuria, nephrocalcinosis and renal failure due to an unknown mecha-
nism. Nephrogenic diabetes insipidus can also occur due to chronic hypokalaemia. Defects in
HSD11B2 are responsible for this condition, some mutations result only in partial inhibition
of 11-beta hydroxysteroid 2 resulting in a less severe phenotype. There is rough genotypic-
phenotypic correlation which includes the ratio of cortisol to cortisol metabolites which can
be measured. Treatment for this condition aims at reducing endogenous cortisol production
by dexamethasone or by blocking the mineralocorticoid receptor with spironolactone/eplere-
none. ENaC blockade has similar success with less side effects, so it is reasonable to instead
use amiloride or triamterene especially in men. If hypercalciuria is present then it is reason-
able to use a thiazide to prevent nephrocalcinosis and subsequent renal impairment [34-36].

4.4. Liquorice ingestion and carbenoxolone

Liquorice (root of Glycyrrhiza glabra) is found in tobacco, snuff, foods, soft drinks, herbal med-
icine and teas in addition to its popular consumption as a confectionary item. Not all sweets
contain the compound glycyrrhiza but instead are flavoured with alternative compounds to
mimic liquorice so chronic ingestion should not cause the clinical picture of apparent miner-
alocorticoid excess. Glycyrrhiza inhibits 11-beta hydroxysteroid dehydrogenase which con-
verts cortisol to cortisone. Carbenoxolone, a liquorice-like compound has the same effect [37].

4.5. Liddle syndrome

Liddle syndrome is a rare autosomal dominant disorder associated with a gain of function
mutation in the epithelial sodium channel (ENaC) situated on the luminal membrane of prin-
cipal cells in the collecting duct. In Liddle syndrome, ENaC function is increased which results
in hypokalaemia and metabolic alkalosis. Increased activity of ENaC results in increased
sodium reabsorption and potassium secretion and subsequent hypertension, hypokalaemia
and metabolic alkalosis. Most patients present at a young age and not all have hypokalaemia
but their potassium does run at lower range of normal.

Net sodium reabsorption occurs down a concentration gradient in principle cells via both
ENaC on the luminal membrane and the Na-K-ATPase on the basolateral membrane. The
greater net sodium reabsorption enhances potassium secretion through basolateral Na-K-
ATPase and subsequent open luminal potassium channels.

Mutations in SCNN1B and SCNNI1G which encode the beta and gamma subunits of ENaC
cause Liddle syndrome. When volume expansion occurs there is failure to remove ENaC
channels from the luminal membrane under the influence of low renin and aldosterone and
the phenotype mimics a hyperaldosteronism state yet plasma and urine aldosterone levels are
in fact reduced. Treatment involves potassium paring diuretics which directly block ENaC
such as Amiloride or Triamterene. Spironolactone, which competes with aldosterone to bind
to the mineralocorticoid receptor, would not be effective as increased ENaC activity in not
mediated by aldosterone [38, 39].
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Figure 4. Salt transport in the principal cell.

4.6. Cortisol excess

Excess cortisol may allow stimulation of the mineralocorticoid receptor to leading to hyper-
tension and a hypokalemic metabolic alkalosis. Causes include excess exogenous admin-
istration of glucocorticoids such as hydrocortisone or secondary to endogenous cortisol
hypersecretion either by Cushing’s syndrome or disease, ectopic ACTH production most
commonly by small cell lung cancers or by a deoxycorticosterone-secreting tumour on the
adrenal gland [2] (Figure 4).

Principal cells respond to a variety of stimuli to control Na* and K* transport. Aldosterone has
the most pronounced effect. It acts through the mineralocorticoid receptor (MR) to increase
surface expression of the epithelial sodium channel ENaC. Electrogenic Na" reabsorption
via ENaC is balanced by K* secretion through ROMK and CI" reabsorption through multiple
pathways (not shown). The driving force that sets the electrochemical gradient for principal
cell Na* and K" transport is the basolateral Na'—K*—ATPase.

5. Reasons to suspect and inherited cause of alkalosis

Clinical features of a metabolic alkalosis include muscle cramps, weakness, arrhythmias and
seizures. Some of these signs and symptoms may be related to alterations in ionised calcium
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(increased pH causes plasma proteins to bind calcium more avidly, thus lowering ionised
calcium concentration). The associated hypokalaemia may also give rise to many of these
symptoms. Inherited forms of alkalosis are secondary to a heterogeneous group of renal
tubulopathies. Typical manifestations range from asymptomatic biochemical disturbances to
severe salt wasting leading in early life and may be complicated by renal failure. The impor-
tant clues to diagnosing an inherited cause of metabolic alkalosis include consistent electro-
lyte abnormalities (versus acquired changes in serum biochemistry), nephrocalcinosis, renal
stone formation and renal impairment. Historical blood values are invaluable in this regard.
A detailed family history is required to look for autosomal dominant and recessive patterns
of disease. In children, failure to thrive, short stature, learning difficulties and rickets may also
be evident. A history of early onset hypertension and a family history of stroke at a young
age provides clues to look for inherited forms of hypertension including Liddle syndrome
and GRA.

Individual syndromes may be distinguished by distinct biochemical profiles but modern day
molecular genetics allows a more robust means to come to a firm diagnosis. A very similar bio-
chemical picture to Bartter and Gitelman syndromes can be induced by diuretic use or abuse,
laxative abuse and chronic liquorice ingestion. However, urinary chloride will be raised in
Bartter and Gitelman syndromes (>20 mmol/L) whereas vomiting, gastric drainage, diuret-
ics and post-hypercapnia will all have a low urinary chloride concentration (<10 mmol/L).
Therefore, obtaining a careful drug and food history is important together with urine elec-
trolyte analysis and diuretic screening to make certain that the cause is not an acquired one.
The optimal treatment of a metabolic alkalosis clearly depends on identifying the underlying
cause. Treatment of life-threatening alkalosis may involve control of ventilation (sedation,
intubation and controlled hypoventilation). Historically, administration of HCl or ammonium
chloride/arginine chloride has been advocated. These are not advocated. Control of ventila-
tion and correction of volume status and improvement of renal haemodynamics is effective
in cases of chloride loss. Haemodialysis may be used in extreme cases. Hypokalaemia should
be corrected alongside the alkalosis. Treatment of Bartter and Gitelman syndrome, as detailed
above, relies upon electrolyte replacement, attempts at disrupting the renal production of
renin with NSAIDs and blocking the effects of excess mineralocorticoids with spironolactone,
eplerenone and amiloride. Treatment of Liddle syndrome relies on sodium restriction and
potassium-sparing diuretics which block ENaC and allow the correction of blood pressure,
hypokalaemia and metabolic alkalosis.

6. Conclusions

A systemic metabolic alkalosis is an important electrolyte disturbance which can have signifi-
cant sequelae including neuromuscular irritability, tetany and cardiac rhythm disturbances.
Hypokalaemia is a frequent accompanying electrolyte abnormality. Numerous inherited
tubulopathies can cause this clinical and biochemical picture and acquired causes may mimic
these. Molecular genetic testing allows a precise diagnosis and appropriate management to be
given to patients with inherited salt wasting alkaloses.
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Abstract

Bartter and Gitelman syndromes are rare genetic disorders in which there are specific
defects in kidney function, characterized by metabolic alkalosis, hypokalemia, hyperrenin-
emia, and hyperaldosteronism, with or without hypomagnesemia. Blood pressure is nor-
mal or low in these patients. Positive diagnosis is one of the exclusions, and the difference
between the two syndromes is based on urine calcium levels. Medication has to be taken
lifelong. Renal transplantation can correct the transport defect in Bartter and Gitelman syn-
dromes. The symptoms and severity vary from one person to another and can range from
mild to severe. Age of onset of overt symptoms can range from before birth to adulthood.

Keywords: Bartter syndrome, genes, mutations, electrolyte imbalances

1. Introduction

Bartter syndrome, originally described by Bartter and colleagues in 1962 [1], represents an auto-
somal recessive renal tubular disorder characterized by hypokalemia and metabolic alkalosis.
In addition, patients have hyperreninemia and hyperplasia of the juxtaglomerular apparatus
(the source of renin in the kidney) and secondary hyperaldosteronism [2]. The underlying
renal abnormality results in excessive urinary losses of sodium, chloride, and potassium.

2. Etiology

Bartter and Gitelman syndromes are caused by the alteration of a carrier involved in sodium
chloride (NaCl) reabsorption. This transporter is located in the thick ascending limb of the
loop of Henle in Bartter syndrome and distal convoluted tubule in Gitelman syndrome [3].
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Bartter syndrome Genetic defect Clinical syndrome

subtype

Typel SLC12A1 (NKCC2) Antenatal Bartter syndrome

Type II KCNJ1 (ROMK) Antenatal Bartter syndrome

Type III CLCKB Classic Bartter syndrome

Type IV BSND Antenatal Bartter syndrome with congenital hearing loss

Type IV B CLCNKA Antenatal Bartter syndrome with congenital hearing loss
CLCNKB

Type V CaSR Bartter syndrome with hypocalcaemia

Gitelman syndrome SLC12A3 (NCCT) Gitelman syndrome

Table 1. Bartter syndrome subtypes.

Bartter syndrome results from defective transepithelial transport of NaCl in the thick ascend-
ing loop or the distal convoluted tubule.

* Transepithelial CI transport in the thick ascending loop depends on coordinated interplay
between the luminal, bumetanide-sensitive, Na-K-2Cl co-transporter (NKCC2), the lumi-
nal, K channel (ROMK), the basolateral Cl channel (CIC-Kb), as well as other co-transport-
ers and channels [4].

¢ Chloride transport in the distal convoluted tubule occurs primarily via the luminal, thia-
zide-sensitive NaCl co-transporter [4].

There are six subtypes of Bartter syndrome (I, I, III, IV, IVB, and V), each corresponding to a
genetic defect (Table 1).

Types I through IV —the severity and clinical presentation of Bartter syndrome varies with
each type:

* Types I and II are the most severe disorders. They are characterized by polyhydramnios
during pregnancy and premature birth. Those who survive infancy develop hypokalemia,
metabolic alkalosis, polyuria, and hypercalciuria. Neonates with type II mutations that
reduce activity of the renal outer medullary potassium channel (ROMK) often initially
develop hyperkalemia [4]. However, as they mature, other potassium channels become
active and contribute to the development of hypokalemia. Nephrocalcinosis is common in
patients with these mutations and probably contributes to the late development of kidney
dysfunction and, rarely, end-stage renal disease [5].

* The classic form of Bartter syndrome, type III, is less severe and presents later in life with
hypokalemia, metabolic alkalosis, and hypercalciuria. The reduced severity of type III Bartter
syndrome may be due to redundancy of chloride channels in the cells of the thick ascend-
ing limb. Loss of CIC-Kb activity causes the disease, but coexistent CIC-Ka activity may
ameliorate the process. Some patients with CIC-Kb mutations usually have classic Bartter
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syndrome that occurs in infancy or early childhood. It is characterized by hypomagnesemia,
hypocalciuria (not hypercalciuria), and unresponsiveness to thiazide rather than loop diuret-
ics [6, 7]. This may be seen because CIC-Kb participates in chloride reabsorption along the
distal convoluted tubule and connecting tubule, as well as the thick ascending limb [8]. Many
of the mutations that cause Bartter syndrome type III destabilize channel structure, induce
CIC-Kb retention within the endoplasmic reticulum, and accelerate channel degradation [6].

* Types IV and IVb have combined defects that involve both the CIC-Ka and CIC-Kb chan-
nels and cause severe disease, generally with antenatal presentation and congenital hearing
loss. These two chloride channels are critical for normal ion transport in the stria vascularis
of the inner ear and are vital to establish normal endocochlear potential differences [9-14].
Because of redundancy of function in the ear, hearing loss requires defects to exist in both
CIC-Ka and CIC-Kb. This double defect can occur via at least two mechanisms:

o As discussed above, the Barttin subunit is an important component of both channels.
Thus, a single defect that affects the Barttin subunit reduces the function of both chan-
nels (type IV) [9-13]. Hereditary defect in Barttin leads to antenatal Bartter syndrome
associated with sensorineural deafness and renal failure.

o The other mechanism involves double mutations, which reduce the function of both
CIC-Ka and CIC-Kb and thereby produce a phenotype similar to the Barttin type IV
defect. This is generally called Bartter type IVb [15]. Although some have called this vari-
ant “Bartter type V disease,” the designation “type V Bartter disease” is most commonly
used to describe a gain-of-function mutation in CaSR.

* Type V, usually called autosomal dominant hypocalcemia or autosomal dominant hypo-
parathyroidism, is due to a gain-of-function mutation in CaSR, encoding the calcium-
sensing receptor (CaSR) [16, 17]. In the parathyroid gland, this results in a downward
“resetting” of the normal range for serum calcium. As a result, a lower-than-normal serum
calcium concentration inhibits parathyroid hormone release, resulting in hypocalcemia.

The tubular defect found in Bartter syndrome is the same as in the chronic ingestion of loop
diuretics, while in Gitelman syndrome, it is the same as in the chronic ingestion of thiazide
diuretics. In both the syndromes, elevated salt removal will lead to volume depletion and
activation of the renin-angiotensin-aldosterone system. The association of secondary hyper-
aldosteronism with increasing concentration of NaCl at the distal level leads to increased
potassium and hydrogen secretion in collecting tubule and distal convoluted tubule, resulting
in hypopotassemia and metabolic alkalosis.

The volume depletion explains why patients with Bartter or Gitelman syndrome have lower
blood pressure than general population. In addition, in patients with Bartter syndrome,
another possible cause of this phenomenon is increased prostaglandin renal clearance with a
vasodilator effect [4]. Because urine dilution requires good functioning of the ascending por-
tion of the loop of Henle and the distal convoluted tubule, Bartter and Gitelman syndromes
have a low urine dilution capacity [1].

There are also a number of distinct traits between the two syndromes caused by the different
site of the NaCl reabsorption abnormality. Thus, patients with Bartter syndrome have a poor
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response to the action of loop diuretics, while patients with Gitelman syndrome have a lower
response to thiazide diuretics [4].

Calciuresis is normal or increased in Bartter syndrome, similar to loop diuretic effect. On the
contrary, calciuresis is low in Gitelman syndrome, as in the use of thiazide diuretics.

3. Prevalence

Gitelman syndrome is a much more common disease than Bartter syndrome [18, 19]. For
Gitelman syndrome, a prevalence of 1:40,000 is reported, while Bartter syndrome is less com-
mon in the population (1:1,000,000) [18]. The lower prevalence of Bartter syndrome in the
population may be due at least in part to prenatal or neonatal death resulting from the disor-
der before it could be diagnosed [18].

4, Clinical manifestation

Table 2 summarizes the similar and distinct clinical features in Bartter and Gitelman syn-
dromes. In both the syndromes, clinical manifestations are less pronounced in heterozygotes.

Bartter syndrome I, II, IV, and IVB subtypes are most often severe early-onset disease, while
subtypes III and V are lighter forms of late-onset disease. However, the correlation between
the underlying genetic defect and the clinical phenotype is not absolute.

Subtypes I and II begin antenatally with polyhydramnios and prematurity. Patients who sur-
vive infancy develop hypokalemia, metabolic alkalosis, polyuria, and hypercalciuria.

Subtype III is the classic form of Bartter syndrome, starting later than the first subtypes with
hypokalemia, metabolic alkalosis, and hypercalciuria. During the course of the disease, this
subtype may be associated with proteinuria and renal failure.

Bartter syndrome Gitelman syndrome

It usually occurs in childhood It usually occurs in adolescents and adults
Growth retardation present Growth retardation absent

Normal or low blood pressure Normal or low blood pressure
Dehydration present Dehydration absent

Hypokalemic metabolic alkalosis Hypokalemic metabolic alkalosis

Polyuria and polydipsia present Polyuria and polydipsia absent
Normocalciuria or hypercalciuria Hypocalciuria

Maternal polyhydramnios common Maternal polyhydramnios absent

Normal or slightly low magnesium Hypomagnesemia

Table 2. Clinical features of Bartter and Gitelman syndromes.
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Subtypes IV and IVB usually begin antenatally and should be associated with neurosensory
deafness, as the underlying genetic defect affects both NaCl conveying ion channels in the

kidney and inner ear.

Subtype V is also known as autosomal-dominant hypocalcaemia or autosomal-dominant
hypoparathyroidism. In this case, the underlying genetic defect leads to a “reset” of the nor-
mal serum calcium level. Thus, a lower value than normal can inhibit the secretion of parathy-

roid hormone, leading to hypocalcemia.

5. Differential diagnosis

* Other causes of unexplained hypokalemia and metabolic alkalosis
o Vomiting/diarrhea

o Diuretic abuse (Figure 1)

Metabolic alkalosis

— T

Low urine chloride High urine chloride
{Urine Cl<10mEq/L}) {Urine Cl=10mEg/L)
Normotensive Normotensive

Vomiting Diuretics

Gastric drainage Bartter syndrome
Prior diuretic use Sever K depletion
Post-hypercapnea Gittelman's

Cl losing diarrhea

High aldosterfnie

Y\

Low renin

Primai

hyperaldosteronism
Adenoma

Hyperplasia

Hypertensive

\svndmme

Mormal aldosterone
Low aldosterone and .
) and normal renin -

low renin- exogenous

Cushing syndrome
High renin  mineralocorticoids
§ Liddle’s syndrome

Renovascular  Mineralocorticoids
hypertension BXCESS
Malignant
hypertension
Eenin
secreting
tumaor

Figure 1. Differential diagnostic of metabolic alkalosis [20].
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6. Laboratory studies

¢ Serum potassium levels—low in all forms of Bartter syndrome

* Serum calcium levels—normal to low

* Serum magnesium levels—low or normal in Bartter syndrome, low in Gitelman syndrome
¢ Aldosterone levels—elevated

* Urinary potassium levels—elevated

¢ Urinary aldosterone levels—high

¢ Urinary chloride levels—high

7. Treatment

The tubular defects in Bartter syndrome cannot be corrected (except by renal transplanta-
tion). Thus, treatment is aimed at minimizing the effects of secondary increases in renin, aldo-
sterone, and, in some patients, prostaglandins, as well as correcting the volume deficit and
electrolyte abnormalities. There is no consensus on the best treatment for Gitelman syndrome,
and magnesium and potassium supplements are usually given.

7.1. NSAIDs and drugs that block distal convoluted tubule sodium-potassium
exchange

Nonsteroidal anti-inflammatory drugs (NSAIDs) are an essential component of therapy and
can ameliorate many of the abnormalities. The defect in the thick ascending limb of the loop
of Henle function in Bartter syndrome often increases renal prostaglandin E2 (PGE2) produc-
tion. This also occurs with therapeutic loop diuretic use. Markedly increased PGE2 is com-
mon in patients with Bartter syndrome types I, I, IV, and IVb.

Indomethacin and celecoxib have been used; there are no clear advantages with either drug
[21]. However, careful monitoring is required since NSAIDs can have significant adverse
effects including renal and gastrointestinal toxicity.

In addition to an NSAID, a drug that blocks distal convoluted tubule sodium-potassium
exchange, such as spironolactone, eplerenone, or amiloride, is usually administered, fre-
quently in higher-than-usual doses (up to 300, 150, and 40 mg/day, respectively). This regi-
men can raise the serum potassium, reverse the metabolic alkalosis, and partially correct the
hypomagnesemia [21, 22]. Among patients with hypokalemia due to potassium wasting of
any cause, drugs blocking distal sodium-potassium exchange are typically more effective and
better tolerated than potassium supplementation alone.



Bartter and Gitelman Syndromes
http://dx.doi.org/10.5772/intechopen.81745

7.2. Angiotensin-converting enzyme inhibitors

Angiotensin-converting enzyme (ACE) inhibitors reduce the production of angiotensin II and
aldosterone and may be a useful adjunctive therapy [23, 24].

Angiotensin receptor blockers (ARBs) should have similar efficacy but have not been well
studied in these patients. ACE inhibitors will also reduce proteinuria in these patients when
it exists [25].

7.3. Potassium and magnesium supplementation

Most patients require oral potassium and magnesium supplementation since therapy with
NSAIDs and drugs that block distal convoluted tubule sodium-potassium exchange is often
incompletely effective [26]. However, the restoration of normal serum potassium and mag-
nesium concentrations is often difficult to achieve for one or more of the following reasons:

* Blocking potassium secretion in the cortical collecting tubule with a drug that inhibits
sodium-potassium exchange with or without an ACE inhibitor in patients with Bartter
syndrome will not reverse the primary defect.

* Hypomagnesemia can contribute to urinary potassium loss.

* When hypokalemia and/or hypomagnesemia are due to urinary wasting, potassium or
magnesium supplementation has limited efficacy. As the serum potassium and/or mag-
nesium falls in the untreated patient, the antikaliuretic effect of hypokalemia and the
antimagnesiuretic effect of hypomagnesemia gradually reduce potassium and magnesium
excretion until a new steady state is attained in which intake and urinary excretion are sim-
ilar and potassium and magnesium concentrations stabilize at a lower-than-normal level.

The rise in serum concentrations following the administration of potassium and magnesium
supplements will reduce the stimulus to potassium and magnesium retention. As a result,
most of the administered potassium or magnesium will be excreted in the urine. High doses,
which are often difficult to tolerate (e.g., diarrhea with magnesium), are required to achieve
a substantial elevation in serum potassium or magnesium. Similar considerations apply to
hypokalemia and hypomagnesemia due to other causes of urinary wasting of these cations.

7.4. Renal transplantation

Renal transplantation corrects the transport abnormalities in Gitelman and Bartter syndromes,
and recurrent disease in the transplant has not been described. Renal transplantation has been
performed in rare patients who developed end-stage renal disease due to coexisting renal
disease or the effects of chronic volume depletion, electrolyte abnormalities, drug-related side
effects, and/or nephrocalcinosis [27, 28]. In addition, successful preemptive bilateral nephrec-
tomy and renal transplantation have been performed in two patients with severe neonatal
Bartter syndrome [28].
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Abstract

Calcium, phosphate and magnesium are essential for human function and life. Each elec-
trolyte is readily found in the human diet, and homeostasis is tightly regulated by the
intestine, kidney and bone as well as other critical hormones, receptors and transporters.
Disturbance to this balance can result in symptomatic disease and life-threatening mani-
festations. Calcium and phosphate are particularly co-dependent with disruption to the
balance of one often influencing the other. It is important that clinicians have a thorough
understanding of the mechanisms underplaying the homeostasis of each electrolyte as
they have implications for prevention and management of disease. This chapter aims
to outline the importance of calcium, phosphate and magnesium; the regulation of each
electrolyte and the consequences of imbalance.

Keywords: calcium, magnesium, phosphate, parathyroid hormone, fibroblast
growth factor, vitamin D, hypercalcaemia, hypocalcaemia, hyperphosphataemia,
hypophosphataemia, hypermagnesaemia, hypomagnesaemia

1. Introduction

Calcium, phosphate and magnesium are electrolytes essential to human function and life. The
balance of each electrolyte is reliant on the interplay between the gastrointestinal tract, kidney
and bone. Other hormones, receptors and transporters are also integral to calcium, phosphate
and magnesium homeostasis, influencing the actions of the intestine, kidney and bone. This
chapter will outline the importance of calcium, phosphate and magnesium, the mechanisms
for regulation and the consequences of imbalance.
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2. Calcium

2.1. The importance of calcium

The human body contains 1-2 kg of the divalent cation calcium. Greater than 99% of calcium
is stored in bone, and this provides structure for the human skeleton. The remaining calcium is
stored in the intracellular and extracellular space. Beyond its structural importance, calcium plays
arole in functions including intracellular signalling, neuromuscular transmission, muscular func-
tion, endocrinological function, coagulation and intercellular adhesion [1].

Calcium homeostasis is maintained through a delicate relationship between organs, including
the kidneys, intestine, parathyroid glands, and bone. This is mediated by hormones such as para-
thyroid hormone (PTH), vitamin D3 (cholecalciferol), calcitriol (1,25-dihydroxycholecalciferol),
fibroblast growth factor 23 (FGF23) and klotho [2].

2.2. Dietary calcium

Calcium accumulation commences in the third trimester of pregnancy and increases during
childhood, adolescence and into early adulthood, at which time calcium storage peaks. The net
balance of calcium is determined by the difference between calcium intake and calcium loss.

Throughout childhood and early adulthood, a positive calcium balance is required for bone
growth. In this age group, as little as 500 mg of dietary calcium intake results in a positive
calcium balance and the efficiency of intestinal calcium absorption can accommodate for the
amount of calcium intake [3]. Between 25 and 35 years of age, when bone growth is com-
plete, the net calcium balance should be neutral. With ageing, bone mass decreases due to net
resorption of bone at a rate of less than 1-2% per year [4]. However, menopause leads to a
negative balance because of difficulties with intestinal absorption attributed to by oestrogen
deficiency [2]. Postmenopausal women require 1200 mg of dietary calcium to achieve a posi-
tive calcium balance [3, 5].

2.3. Physiology of calcium

Calcium exists in the human body stored as bone (calcium hydroxyapatite) and is other-
wise found in the extracellular or intracellular space. One percent of skeletal calcium can
be exchanged freely with the extracellular space via the osteoblastic and osteoclastic actions
of bone [1, 4]. Forty-eight percent of serum calcium is ionised, and this is its physiologically
active state. Forty-six percent is bound to protein, and 7% forms a complex with phosphate,
citrate, sulphate, bicarbonate or other anions [1, 2].

Measurement of the plasma calcium is a reflection of the calcium bound to proteins such as
albumin and immunoglobulin. The normal range is 2.1-2.6 mmol/L (8.5-10.5 mg/dL) [2]. For
every 1 g/dL reduction in the serum albumin, serum calcium decreases by 0.8 mg/dL. Similarly,
a 1 g/dL reduction in serum globulin results in serum calcium decreasing by 0.12 mg/dL [1].
While these formulas exist to calculate a corrected calcium level, they have been found to have
poor sensitivity and specificity in detecting true hypocalcaemia or hypercalcaemia. Ionised cal-
cium levels are felt to be a more accurate representation of the physiologically active level [2].
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In the context of acute metabolic alkalosis, hydrogen ions dissociate from albumin. This sub-
sequently allows albumin to bind more calcium, decreasing the circulating ionised calcium.
Ionised calcium levels will fall by 0.12 mg/dL for each change in pH of 0.1 [1].

Extracellular calcium homeostasis is mediated by the gastrointestinal system, kidneys and bone.

2.3.1. Renal handling of calcium

Around 8-10 g of ionised calcium is filtered by the kidneys each day. Of this, around 100-
200 mg (2-3% of total filtered calcium) is excreted in the urine [1, 3, 4].

Around 60-70% of calcium is reabsorbed in the proximal convoluted tubule (PCT). This
mainly occurs passively via a transepithelial electrochemical gradient established by the reab-
sorption of sodium and water. A small amount of calcium is reabsorbed by active calcium
transport. The process of reabsorption is controlled by PTH and calcitonin [1].

There is no calcium reabsorption in the thin loop of Henle, but a further 20% of calcium is
reabsorbed in the thick ascending loop of Henle (TALH). This is predominately mediated by
paracellular transport, although some transcellular movement occurs. The apical Na-K-2Cl
(NKCC2) transporter and the renal outer medullary potassium channel (ROMK) produce a
lumen-positive transepithelial gradient for paracellular cation transport, which is caused by
a back flux of potassium into the lumen [6, 7]. This consequently causes paracellular calcium
reabsorption as demonstrated in Figure 1 [1, 8]. It also contributes to the reabsorption of other
cations such as magnesium and sodium.
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Figure 1. Calcium reabsorption at the thick ascending limb of the loop of Henle. The apical Na-K-2Cl transporter and
the renal outer medullary potassium channel are responsible for creating a transepithelial gradient, which drives
paracellular calcium transport [1]
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The calcium-sensing receptor (CaSR) on the basolateral membrane of the TALH is a G-
protein-coupled receptor. It is made up of a large extracellular and cytoplasmic domain [2].
Downregulation of the CaSR increases calcium permeability, while activation impedes per-
meability. The CaSR inhibits the ROMK channel in the presence of hypercalcaemia, leading
to a reduction in paracellular sodium, calcium and magnesium transport [2, 9]. The CaSR
enables the ionised calcium level to control renal calcium homeostasis independent of PTH
or calcitriol [4].

Claudin-16 and claudin-19 are proteins expressed on the TALH, which facilitate paracellular
absorption of divalent cations, including calcium and magnesium [1]. Mutations in claudin-16
are responsible for causing familial hypercalciuria and hypomagnesaemia. Cinacalcet, used
for the treatment of secondary hyperparathyroidism in chronic kidney disease, increases
claudin-14 mRNA, which subsequently stimulates CaSR activity and decreases paracellular
calcium reabsorption [9, 10]. Additionally, PTH and calcitonin upregulate active calcium
reabsorption at the TALH [1].

The distal convoluted tubule (DCT) and collecting duct (CD) are responsible for calcium regu-
lation. Around 5-10% of calcium reabsorption occurs through active transport in the DCT,
and this mechanism is entirely transcellular [1, 4]. Firstly, calcium travels across the apical
membrane by the protein transient receptor potential vanilloid 5 (TRPV5). During this trans-
port process, intracellular calcium is bound to calbindin-D28k and moves towards the baso-
lateral membrane. Finally, calcium reabsorption happens with the help of the sodium-calcium
exchanger (NCX1) in conjunction with the plasma membrane calcium ATPase (PMCA1b).
This process is represented in Figure 2 [1, 8].

It is unclear how calcium is transported in the CD; however, a small amount of calcium is
thought to be reabsorbed here [2].
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Figure 2. Calcium reabsorption at the distal convoluted tubule. The protein transient receptor potential vanilloid 5
(TRPVS) carries calcium across the apical membrane. Intracellularly calcium binds to calbindin-D28k travelling to the
basolateral membrane. The sodium-calcium exchanger (NCX1) and the plasma membrane calcium ATPase reabsorb
calcium into the blood [1].
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Many mechanisms regulate TRPV5 and therefore renal calcium handling. Mice with absent
TRPV5 are known to have hypercalciuria despite normal serum levels of calcium. Their
ability to maintain healthy serum calcium levels is believed to be due to increased intestinal
absorption mediated by TRPV6 [11]. Calcitriol increases all proteins responsible for transport.
Similarly, PTH stimulates TRPV5 and NCX1 while indirectly encouraging calcium reabsorp-
tion through the upregulation of calcitriol synthesis. TRPV5, NCX1 and calbindin-D28k are
promoted by oestrogen [2].

2.3.2. Gastrointestinal handling of calcium

Not all dietary calcium is absorbed as calcium binds with anions (including phosphate and oxa-
late) in the intestinal lumen to form insoluble salts. Daily intestinal calcium absorption remains
relatively constant (200400 mg per day) despite fluctuations in dietary calcium intake [4, 8].

Gastrointestinal calcium absorption occurs by both transcellular and paracellular mecha-
nisms. The duodenum is the primary site where calcium is absorbed although it also occurs
throughout the rest of the small bowel and colon. Transcellular transport is initially mediated
by the TRPV6 channel seen on the apical membrane of the duodenum and proximal jejunum
[8]. Similar to transcellular absorption in the DCT, once calcium is intracellular, it binds to
calbindin, which helps transport the calcium to the basolateral membrane. Here, it is absorbed
by calcium ATPase in conjunction with the sodium-calcium exchanger. This is a saturable
form of absorption upregulated by calcitriol [2].

In the presence of high luminal calcium concentrations, the passive paracellular pathway of
absorption predominates and this is driven by the large concentration gradient between the
lumen and cell. This process is nonsaturable. Calcium is bound to the calmodulin-actin-myosin I
complex and travels to the basolateral membrane by microvesicular movement [1, 12]. Calcitriol
increases calbindin levels and also indirectly influences this process by changing the intracel-
lular tight junction structure [1].

Renal calcium excretion prevents dietary calcium overload, while renal reabsorption and bone
resorption compensate for lack of transcellular uptake in the context of low dietary calcium.

2.3.3. Bone handling of calcium

Bone acts as a reservoir of calcium stored as hydroxyapatite (Ca, (PO,),(OH),). Trabecular
bone is 15-25% calcified, while cortical bone is 80-90% calcified. Bone acts as an endocri-
nological organ by offering a readily exchangeable calcium pool, which is used to maintain
calcium homeostasis while also allowing bone modelling and remodelling [2].

At any moment, 15-20% of bone is remodelling, facilitated by osteoblasts and osteoclasts.
Osteoblasts are formed for pluripotent mesenchymal stem cells. When activated they assist
with osteoclastogenesis, bone matrix production and bone mineralisation [13]. Osteoclasts,
derived from circulating myeloid cells, are responsible for bone resorption by disrupting bone
matrix mineralisation [2, 13].

Many factors influence bone homeostasis. Receptor activator of NF-kB ligand (RANKL) promotes
osteoclast production. Osteoprotegerin (OPG) is a soluble receptor, which binds to RANKL and,
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in doing so, inhibits osteoclast formation. The balance between RANKL and OPG determines
the production and function of osteoclasts. PTH activates a PTH receptor (PTH1R) found on
osteoblasts. When stimulated, PTHIR upregulates signalling, which favours osteoclast differ-
entiation and bone resorption [13]. The sclerostin/Wnt/beta-catenin pathway also plays a role in
controlling bone remodelling whereby sclerostin, which is found in osteocytes, inhibits the Wnt/
beta-catenin pathway that works to promote bone formation [2].

2.3.4. Parathyroid hormone and calcium homeostasis

PTH is a polypeptide secreted from stowed granules in the parathyroid gland. Subsequently,
metabolisation occurs in the liver and kidney. PTH causes increased plasma calcium levels
when hypocalcaemia is detected by CaSRs located on parathyroid cells. It does this by encour-
aging bone resorption, stimulating intestinal absorption of calcium, upregulating calcitriol
production in the kidney (by helping 1-a-hydroxylase that converts vitamin D to calcitriol)
and increasing renal calcium reabsorption [1, 2, 4, 8]. PTH is the most significant modulator
of calcium reabsorption in the kidney.

PTH secretion is modified by PTH gene transcription, which is upregulated by hypocalcaemia,
glucocorticoids and oestrogen. On a post-transcriptional level, PTH is released in reaction to
hypocalcaemia, adrenergic agonists, dopamine and prostaglandins [1]. Hypercalcaemia stim-
ulates intracellular destruction of PTH. Calcitriol inhibits PTH gene transcription by binding
to the vitamin D receptor element (VDRE) on the PTH gene [2].

2.3.5. Parathyroid hormone-related peptide and calcium homeostasis

The discovery of parathyroid hormone-related peptide (PTHrP) was made when investigat-
ing the association between malignancy and hypercalcaemia [14]. Many cells produce PTHrP,
which has a similar function and structure to PTH and subsequently activates the same recep-
tor as PTH. It is essential endochondral bone formation, smooth muscle relaxation and cel-
lular proliferation and differentiation; however, it appears to have a limited role in calcium
homeostasis in healthy adults [4, 15].

PTHrP is known to be released by both solid organ and haematological malignancies, par-
ticularly squamous cell carcinoma. It results in a paraneoplastic hypercalcaemia as it binds to
the PTH/PTHTP receptor causing calcium resorption from bone and renal calcium reabsorp-
tion. PTHrP-mediated hypercalcaemia is a poor prognostic marker in an individual with a
malignancy [16].

2.3.6. Cholecalciferol, calcitriol and calcium homeostasis

The fat-soluble steroid vitamin D3 (cholecalciferol) is found in the diet and synthesised from
7-dehydrocholesterol under the influence of ultraviolet (UV) light. Subsequently, it undergoes
hydroxylation by the hepatic enzyme 25-hydroxylase, resulting in 25-hydroxyvitamin D (cal-
cidiol). Calcidiol circulates bound to vitamin D-binding protein where tubular cells that release
1-o-hydroxylase and 24-a-hydroxylase convert calcidiol to 1,25-dihydroxycholecalciferol
(calcitriol) and 24,25-dihydroxycholecalciferol. 24,25-Dihydroxycholecalciferol is an inactive
metabolite of vitamin D3 [1, 2, 8, 17]. This process is depicted in Figure 3.
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Figure 3. Overview of the metabolism of calcitriol (1,25(OH),D). Vitamin D, (cholecalciferol) is synthesised from
7-dehydrocholesterol in the presence of UV light and is present in the diet (along with vitamin D,). It is hydroxylated by
the hepatic enzyme 25-hydroxylase resulting in 25-hydroxyvitamin D (calcidiol). Calcidiol circulates bound to vitamin
D binding protein. Tubular cells release 1-a-hydroxylase (CYP27B1) and 24-a-hydroxylase, which convert calcidiol to
1,25-dihydroxycholecalciferol (calcitriol) and 24,25-dihydroxycholecalciferol.

Calcitriol increases renal reabsorption of calcium and intestinal absorption of calcium and
phosphate, increases the mineralisation of bone and reduces PTH synthesis.

2.3.7. Fibroblast growth factor 23, klotho and calcium homeostasis

Fibroblast growth factor 23 (FGF23) is comprised of 251 amino acids and is produced by
osteocytes during bone remodelling. Klotho, expressed in the kidney, parathyroid gland,
skeletal muscle and choroid plexus, is a coreceptor for FGF23. Klotho upregulates the affin-
ity of FGF23 to its receptors [18]. FGF23 production causes reduction in calcitriol levels as
it blocks 1-a-hydroxylase in the kidney causing increased 24-hydroxylase, which, in turn,
causes vitamin D degradation. Additionally, it inhibits PTH release. PTH and hypercalcaemia
stimulate FGF23, whereas calcitriol and hypocalcaemia impede its production [19].

FGF23 and klotho also play an important role in phosphate homeostasis, which will be dis-
cussed later in the chapter.

2.4. Hypercalcaemia

Hypercalcaemia is a result of disrupted calcium homeostasis and can be caused by alterations
to organs, hormones or transporters involved in calcium regulation.
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Increased intestinal absorption can be secondary to increased calcium intake, as seen in milk-
alkali syndrome, or calcium supplementation [20]. Elevated calcitriol can be seen in primary
hyperparathyroidism, T cell lymphomas and vitamin D intoxication. Granulomatous diseases
(sarcoidosis, tuberculosis) also cause a rise in calcitriol due to autonomous 1-a-hydroxylase
activity in macrophages within granulomas. Increased levels of calcitriol stimulate intestinal
absorption of calcium as well as renal calcium reabsorption. Hyperparathyroidism, increased
PTHrP, bony metastases, myeloma, phosphate depletion, immobilisation and metabolic aci-
dosis lead to increased bone resorption, which may result in hypercalcaemia. Inability to pro-
duce bone, as seen in adynamic bone disease, can also lead to hypercalcaemia. Finally, high
calcium levels can be a result of decreased renal excretion of calcium due to volume depletion,
thiazide diuretic use or alkalosis [3].

Familial hypocalciuric hypercalcaemia is an autosomal dominant condition caused by a muta-
tion, resulting in loss of function in the CaSR gene. It creates hypocalciuria in the setting of hyper-
calcaemia, associated with hypophosphataemia, hyperchloraemia and hypermagnesaemia.
Patients are mostly asymptomatic although severe hyperparathyroidism can occur in affected
neonates [21].

2.4.1. Clinical manifestations of hypercalcaemia

Patients with hypercalcaemia can be asymptomatic at time of presentation or can present with
any or all of the following: fatigue, mood changes, confusion, nausea, vomiting, loss of appetite,
constipation, polyuria, and weakness. Symptoms are seen more often once calcium levels are
greater than 2.9 mmol/L (11.6 mg/dL) or in the setting of acute changes to serum calcium levels.
Hypercalcaemia can cause cardiac conduction defects including a short QT interval, which may
potentiate a cardiac arrhythmia. Renal tubular damage and calcification involving the vascula-
ture, kidneys, skin, lungs, heart and stomach may follow, especially in the setting of normophos-
phataemia or hyperphosphataemia. Calcium levels above 3.7 mmol/L (14.8 mg/dL) can resultin a
comatose state or a cardiac arrest. Renal calculi are associated with chronic hypercalcaemia [4, 22].

2.4.2. Treatment of hypercalcaemia

It is essential to consider and treat the underlying aetiology when managing hypercalcaemia.
Treatment approaches depend on the severity and symptomatology of the patient. For mild
hypercalcaemia (few symptoms or calcium of <3 mmol/L (<12 mg/dL)), treatment with sup-
portive measures while addressing the underlying disease is appropriate. Intravenous fluids
can be used to restore euvolaemia in order to reduce PCT calcium reabsorption and enhance
calcium excretion. Avoiding calcium-containing medications and maintaining a low calcium
diet is necessary for ongoing management [22].

In those with significant symptoms or calcium levels >3 mmol/L (>12 mg/L), more aggressive
therapy is warranted. Intravenous fluids remain the first step in treatment, and the rate of
administration is mainly governed by the degree of hypercalcaemia. Fluid administration is
thought to lower serum calcium levels by 0.5 mmol/L (2 mg/dL). Loop diuretics can be used
once the volume state is restored to prevent renal calcium reabsorption. However, with the
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introduction of bisphosphonate therapy for the management of hypercalcaemia, loop diuret-
ics are less frequently utilised unless the patient is suffering from hypervolaemia, oliguric
renal failure or congestive cardiac failure [22].

Calcitonin, produced by parafollicular C cells in the thyroid, is effective in lowering serum cal-
cium quickly in cases of severe hypercalcaemia. It acts by blocking osteoclasts and promoting
calciuria. Unlike bisphosphonates and steroids, calcitonin works within 4-6 hours; however
its effect only lasts for 48-72 hours, because of rapid development of tachyphylaxis, and there-
fore, it requires administration in conjunction with a longer-acting treatment strategy [22].

Bisphosphonates (particularly, intravenous pamidronate and zoledronate) are used for malig-
nancy-related hypercalcaemia as they inhibit osteoclast action and, therefore, bone resorption.
They take 2448 hours to work. Dose and infusion rate needs to be adjusted to the patient’s
renal function [23], and risks of treatment include jaw osteonecrosis, uveitis and nephrotoxicity.
Denosumab, an antibody against RANKL, has also been used for the treatment of hypercalcae-
mia of malignancy and has proven effective in bisphosphonate-resistant disease [24].

In calcitriol-mediated hypercalcaemia (e.g., sarcoidosis, tuberculosis), corticosteroids, in con-
junction with a low calcium diet, are adequate. Steroids work by inhibiting 1-a-hydroxylase
so that calcidiol is unable to be converted to calcitriol.

In those with a parathyroid adenoma causing primary hyperparathyroidism and resultant
hypercalcaemia, surgical removal of the adenoma is necessary.

Due to the availability of bisphosphonates, the need for dialysis in hypercalcaemia has been
reduced, but it continues to play a role in individuals with oliguric acute kidney injury, life-
threatening manifestations of hypercalcaemia or states refractory to other treatment strategies [4].

2.5. Hypocalcaemia

As previously discussed, PTH is essential in maintaining calcium homeostasis, and in hypo-
parathyroidism (hereditary or acquired), the absence of PTH means that serum calcium levels
are unable to be preserved. Severe hypomagnesaemia (<0.4 mmol/L or <0.8 meq/L) can cause
hypocalcaemia as it paradoxically impairs PTH release and causes PTH resistance [4]. Dietary
deficiency, anticonvulsant therapy, malabsorption, hepatobiliary disease, renal failure and lack
of sunlight cause vitamin D deficiency, leading to hypocalcaemia. Drastic reductions in extracel-
lular calcium levels, seen in pancreatitis, severe acute hyperphosphataemia and rhabdomyolysis,
lead to hypocalcaemia as PTH is unable to compensate quickly enough to maintain homeostasis.

2.5.1. Clinical manifestations of hypocalcaemia

The level of calcium and the rate of change will determine the manifestation of symptoms in
hypocalcaemia. Common symptoms of hypocalcaemia include fatigue, weakness, irritability,
confusion and mood changes. Pathognomonic signs of hypocalcaemia are Trousseau’s sign (car-
popedal spasm occurs when a blood pressure cuff inflated above the systolic blood pressure)
and Chvostek’s sign (facial muscle spasm following tapping over the facial nerve) [25]. These
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signs occur due to neuromuscular excitability [26]. Individuals can also complain of lip paraes-
thesia, cramping and may experience laryngospasm, bronchospasm, frank tetany or seizures.
Cardiac arrhythmias can also occur as low calcium can cause a prolonged QT interval. Chronic
hypocalcaemia is associated with cataracts, brittle nails, dry skin and reduced body hair [21].

2.5.2. Treatment of hypocalcaemia

Hypocalcaemia is potentially life-threatening, and any individual experiencing laryngospasm,
bronchospasm or seizures should be treated immediately with intravenous calcium. Calcium
gluconate can be given peripherally as it causes less local irritation than calcium chloride,
which requires administration by central venous access [27]. Patients receiving intravenous
calcium should be cardiac monitored as rapid correction can also precipitate arrhythmias [26].
Hypomagnesaemia associated with hypocalcaemia requires treatment with intravenous mag-
nesium initially, followed by calcium correction. Less acute presentations of hypocalcaemia
can be treated with oral calcium supplementation (e.g., calcitriol). The daily replacement dose
can be between 2 and 4 g of elemental calcium.

Treatment of the underlying cause of hypocalcaemia is essential. In cases of hypocalcaemia
due to hypoparathyroidism, treatment with calcium leads to increased calciuresis, which may
result in nephrocalcinosis and renal impairment. To reduce calciuresis, thiazide diuretics can
be used in association with reduced salt and increased fluid intake. Regular monitoring of
serum calcium levels is required.

3. Phosphate

3.1. The importance of phosphate

Phosphate plays a role in skeletal integrity, skeletal development, cell structure, cellular
signalling, protein synthesis and energy metabolism [28]. Eighty-five percent of biological
phosphorus is stored in the bone, while 15% is found in soft tissue. The remaining phosphate
(<1%) circulates in the extracellular fluid [29].

Similar to calcium homeostasis, phosphate balance relies on a complex relationship between
the intestine, kidneys, bone, as well as regulatory hormones including PTH, FGF23 and klotho.

3.2. Dietary phosphorus

Humans consume between 700 and 2000 mg of dietary phosphorus each day. Phosphorus is
present in dairy and protein-rich foods including meat and poultry. It is frequently added to
salt and processed foods. With the increase in consumption of processed foods, average dietary
intake has increased [30]. In the human body, phosphorus is present in the form of phosphate [1].

3.3. Physiology of phosphate

The majority, 85%, of phosphate in the body exists as bone. The remaining balance of phos-
phate is present as free anions or forms organophosphate compounds. Organophosphate
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compounds act as structural proteins, enzymes, transcriptional factors, nucleic acids, energy
(adenosine triphosphate, creatine phosphate), carbohydrates and lipids [4].

Normal serum phosphate levels in adults range between 0.75 and 1.45 mmol/L (2.5-4.5 mg/dL).
Serum phosphate levels do not always reflect available phosphate levels given that phosphate
moves freely between the extracellular and intracellular compartments [4].

3.3.1. Renal handling of phosphate

Regulation of renal phosphate reabsorption is felt to be the most critical mechanism in phos-
phate homeostasis [8, 29]. Each day, 4-6 g of phosphate is filtered by glomeruli.

Eighty-five percent of phosphate undergoes reabsorption at the PCT. This occurs via the type
IT sodium-phosphate cotransporters Npt2a (SLC34A1) and Npt2c (SLC34A3) located on the
brush border of the apical membrane [28, 31]. These cotransporters are endocytosed, favouring
phosphaturia, in the presence of PTH, high dietary phosphorus or FGF23. They have a rapid
response to changes in the PTH level, with the number of cotransporters adjusting within min-
utes. It takes approximately 2 hours for the number of cotransporters to change based on dietary
phosphorus intake [28]. Npt2c is thought to have less of an influence on phosphate homeostasis
in mice as Npt2a knockout mice continue to have profound phosphaturia despite the presence
of Npt2c. However, this cotransporter may play a more significant role in human phosphate
homeostasis [28]. In humans, mutations in Npt2c lead to hereditary hypophosphataemic rickets
with hypercalciuria (HHRH) compared with mutations in Npt2a, which are characterised by
the development of nephrocalcinosis and increased osteoporotic risk. These findings support
the importance of the Npt2c cotransporter in human phosphate balance [28, 32, 33].

The type III sodium-phosphate cotransporter, PiT2, has been located in the kidney, also at the
brush border membrane. This transporter is upregulated by low dietary phosphate, albeit more
slowly than the type II sodium-phosphate cotransporters, with changes in concentrations tak-
ing 8 hours [28].

Npt2a and 2c are responsible for transporting divalent phosphate with Npt2a, moving three
sodium ions and one phosphate ion across the apical membrane creating an electrogenic
gradient. Npt2c transports two sodium and one phosphate ion, resulting in electroneutral-
ity. PiT2 carries monovalent phosphate, also developing an electrogradient [1]. An unknown
transporter on the basolateral membrane is thought to be responsible for phosphate transport
to peritubular capillaries. This is represented in Figure 4.

Hypocalcaemia, hypomagnesaemia, hypophosphataemia and dehydration inhibit reabsorp-
tion of phosphate at the kidney. Fluid overload upregulates phosphate excretion [4].

3.3.2. Intestinal handling of phosphate

Different species display diverse mechanisms for intestinal absorption of phosphate, and
therefore the understanding of human intestinal phosphate handling is incomplete [34].

Intestinal phosphate absorption occurs via passive paracellular and active transcellular trans-
port. In healthy humans, 60-75% of dietary phosphorus is absorbed [4, 21]. Paracellular trans-
port involves passive diffusion of phosphate through tight junctions and occurs independently
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Figure 4. Sodium-phosphate cotransporters at the proximal convoluted tubule. Npt2a, Npt2c and PiT2 are located on
the brush border of the apical membrane. Npt2a and 2c transport divalent phosphate. Npt2a transports three sodium
ions with one phosphate ion, creating an electrogenic gradient. Npt2c moves two sodium ions for one phosphate,
which is electroneutral. PiT2 carries monovalent phosphate creating an electrogradient. An unknown transporter on the
basolateral membrane transports phosphate to peritubular capillaries [1].

of any regulatory hormones [34]. The type II sodium-phosphate cotransporter, Npt2b
(SLC34A2), and type III cotransporters, PiT1 and PiT2, modulate transcellular transport in the
intestine. Npt2b is located on the apical membrane of enterocytes and is thought to be most
abundant in the duodenum and jejunum in humans [1] although it is also found on lung,
mammary, liver, and testis tissue [31, 34]. Mutations in Npt2b transporters do not manifest
in clinically significant hypophosphataemia in humans, and this is thought to be due to renal
compensation [28]. The type III cotransporters are predominately present on the basolateral
intestinal membrane but can be found on the apical membrane [35].

Gastrointestinal absorption of phosphate is primarily upregulated by calcitriol and low
dietary phosphate. FGF23 reduces the abundance and activity of sodium-phosphate
cotransporters and will be discussed further in this chapter. Matrix extracellular phospho-
glycoprotein (MEPE) produced by osteoblasts and osteocytes inhibits renal and intestinal
phosphate absorption independent of PTH and FGF23 [34]. Other regulators of phosphate
absorption are glucocorticoids, oestrogen and the presence of metabolic acidosis [28].
Calcium salts, sevelamer hydrochloride and aluminium hydroxide prevent intestinal
absorption of phosphate and are therefore used as phosphate binders in patients with
chronic kidney disease [4].

3.3.3. Bone handling of phosphate

Similar to calcium, bone acts as a reservoir of phosphate. Phosphate can be resorbed from
bone into the extracellular space to maintain serum levels of phosphate.
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3.3.4. Fibroblast growth factor 23, klotho and phosphate homeostasis

FGF23 is the most widely studied phosphatonin and acts with its coreceptor, klotho. Dietary
phosphorus and calcitriol increase the secretion of FGF23, which encourages phosphaturia
through reduced Npt2a expression in the PCT. It plays a similar role in downregulating Npt2c
and PiT2; however, in mice studies, this effect has been less pronounced [36]. Conversely, low
dietary phosphorus inhibits FGF23 secretion.

FGF23 also contributes to phosphate homeostasis by regulating the number of intestinal
sodium-phosphate cotransporters [1]. Similar to the kidney, cotransporters are less abundant
in the presence of high levels of FGF23, preventing absorption of phosphorus.

Animal and in vitro studies have proved that FGF23 works directly on the parathyroid gland
to decrease PTH production and release [37]. In chronic kidney disease, the parathyroid
becomes increasingly resistant to the action of FGF23, contributing to the development of
secondary and tertiary hyperparathyroidism [1]. As previously stated, FGF23 also inhibits
calcitriol, preventing intestinal phosphate absorption and renal reabsorption [19].

3.3.5. PTH and phosphate homeostasis

PTH reduces the number of sodium-phosphate cotransporters, specifically Npt2a, in the
kidney favouring phosphaturia [32, 37]. Serum phosphate levels have a direct effect on the
parathyroid gland independent of calcitriol, calcium levels or FGF23. This is mediated by
modulation of PTH gene expression and parathyroid cell proliferation [37] but requires intact
and functioning parathyroid tissue [38].

3.4. Hyperphosphataemia

Hyperphosphataemia is most often associated with impairment in the kidney’s ability to excrete
appropriate levels of phosphate [37]. Acute kidney injury leads to hyperphosphataemia due to
a reduction in glomerular filtration rate [21]. In early chronic kidney disease, increased phos-
phate levels are compensated for by FGF23 initially, followed by PTH. With time and a further
decrease in glomerular filtration (specifically, at less than an eGFR of 35 mL/min/1.73?), these
mechanisms are unable to accommodate due to loss of renal mass meaning that phosphate
levels rise. Impaired calcitriol synthesis and bone mineralisation also contribute to elevated
phosphate levels. Hyperphosphataemia drives secondary hyperparathyroidism and increased
FGF23, which is common in patients with end-stage kidney disease [29]. FGF23 suppresses
calcitriol with resultant adverse effects on cardiovascular and kidney health.

Other causes for hyperphosphataemia are driven by elevated exogenous phosphate, as
seen following administration of phosphate enemas or excess endogenous phosphate.
Bisphosphonate treatment can cause elevated phosphate levels due to the liberation of phos-
phate from bone. Rapid release of intracellular phosphate into the extracellular space is seen in
rhabdomyolysis, tumour lysis syndrome and acidosis [29, 39]. As PTH has a significant influ-
ence on promoting phosphaturia, loss of PTH caused by hypoparathyroidism or peripheral
resistance to its action (pseudohypoparathyroidism) can produce elevated phosphate levels

99


http://dx.doi.org/10.5772/intechopen.81173

100

Fluid and Electrolyte Disorders

[21]. Familial tumoral calcinosis, an autosomal recessive disease caused by a mutation in the
GALNTS3, FGF23 or klotho gene, is characterised by resistance to FGF23, which also leads to
hyperphosphataemia [40]. Increased levels of growth hormone and insulin-like growth factor
1 (Igf-1) seen in acromegaly stimulate phosphate reabsorption in the PCT.

3.4.1. Clinical manifestations of hyperphosphataemia

Acute hyperphosphataemia results in soft tissue calcium and phosphate deposition contribut-
ing to hypocalcaemia. These individuals may present with manifestations of hypocalcaemia
or with consequences of calcium phosphate deposition including nephrocalcinosis or heart
block [4]. Chronic elevation in phosphate levels can lead to vascular calcification, mineral
bone disease, secondary hyperparathyroidism and calciphylaxis.

Elevated phosphate levels in patients requiring haemodialysis for end-stage kidney disease is
associated with an increased risk of cardiovascular morbidity and mortality [41, 42].

Elevated FGF23 levels, seen in individuals with hyperphosphataemia, have been found to con-
tribute to left ventricular hypertrophy, reduced erythropoiesis and increased inflammation [36].

3.4.2. Treatment of hyperphosphataemia

Acute hyperphosphataemia is managed with intravenous fluids, renal replacement therapy
and treatment of the underlying cause [21].

Management of hyperphosphataemia remains a challenge in patients with chronic kidney
disease. Low phosphate diets, phosphate binders and dialysis are all used as treatment strate-
gies to maintain healthy phosphate levels. Intensive dialysis (daily or nocturnal dialysis) has
been shown to decrease the requirement for phosphate binders and dietary restriction [43].

3.5. Hypophosphataemia

Hypophosphataemia can be caused by impaired phosphate absorption, increased phosphate
loss or movement of phosphate from the extracellular space. Reduced phosphate consump-
tion is rare but seen in individuals who are not eating and in those who abuse alcohol.
Hypophosphataemia is a known consequence of refeeding syndrome. Primary hyperpara-
thyroidism often presents with mild hypercalcaemia and hypophosphataemia.

Inherited disorders including autosomal dominant, autosomal recessive or X-linked hypo-
phosphataemic rickets and vitamin D-dependent rickets cause excess phosphate loss associ-
ated with skeletal deformities. Primary hyperparathyroidism encourages downregulation of
NPT2a, resulting in phosphaturia. Proximal tubular dysfunction occurs in proximal tubu-
lar acidosis or Fanconi syndrome and contributes to phosphate loss. Hypophosphataemia
is common following renal transplantation and is thought to be secondary to persistently
elevated FGF23 levels [21].

Causes of intracellular redistribution of phosphate include diabetic ketoacidosis, acute respi-
ratory alkalosis, likely due to muscular sequestration of extracellular phosphate (chronic
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respiratory alkalosis leads to hyperphosphataemia) and insulin therapy. If phosphate is omit-
ted from TPN, it can cause reductions in serum phosphate. Rarely, mesenchymal tumours
such as haemangiopericytomas, fibromas and angiosarcomas can secrete phosphatonins such
as FGF23. Subsequently, this results in phosphaturia and hypophosphataemia.

3.5.1. Clinical manifestations of hypophosphataemia

Hypophosphataemia does not cause clinical sequela until levels are less than 0.65 mmol/L
(2mg/dL). Muscle weakness, including diaphragmatic weakness and reduced cardiac contrac-
tility, can be a consequence of hypophosphataemia. Other manifestations include osteoma-
lacia, metabolic encephalopathy, haemolysis, leukocyte dysfunction and thrombocytopaenia
[4, 21, 42].

3.5.2. Treatment of hypophosphataemia

Dairy intake or oral phosphate supplementation can treat hypophosphataemia, except in
cases of nephrocalcinosis or nephrolithiasis due to urinary phosphate wasting. In the case of
severe hypophosphataemia, intravenous replacement should be given. In individuals requir-
ing parenteral nutrition, phosphate needs to be added to any nutritional supplement.

4. Magnesium

4.1. The importance of magnesium

The divalent cation magnesium plays an integral role in neuromuscular activity. On an
intracellular level, it is the second most abundant cation [21]. It is essential to the activation
of adenosine triphosphate (ATP), intracellular signalling, glycolysis, protein formation, cell
growth as well as DNA production and transcription [44]. Given its function at the cellular
level, it is essential in the role of many human organs including the heart, vasculature, muscle,
bone and central and peripheral nervous systems [44].

The normal plasma level of magnesium is 0.7-1.1 mmol/L (1.7-2.6 mg/dL). Similar to calcium and
phosphate homeostasis, the kidney, intestine and bone are essential in maintaining its balance.

4.2. Dietary magnesium

The average daily consumption of magnesium from the diet is 140-360 mg. Many foods
including fruits, vegetables, cereals, grains, nuts and legumes contain magnesium [45].
Processed, refined and boiled foods are low in magnesium as are dairy products [44, 45].

4.3. Physiology of magnesium

Around 20-28 g of magnesium is present in an average-sized adult with more than half of
this being stored in bone [4, 45]. The remaining magnesium is distributed in muscle and soft
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tissue, and 1% is found in the extracellular compartment [1, 4, 44]. About 30% of magnesium
is bound to protein, including albumin, with 10% bound to ATP, nucleic acids, and phospho-
lipids [1]. The remaining 60% exists in the ionised state; it is physiologically active in this form.

Many essential functions in the human body require magnesium; however, it does not appear
that hormones have a significant influence on its balance. The kidney, intestine and bone are
primarily responsible for maintaining healthy magnesium levels.

4.3.1. Renal handling of magnesium

Under normal physiological conditions, 2000-2400 mg of magnesium is filtered by the kidney
each day. Around 10-20% of filtered magnesium undergoes reabsorption by the PCT. This
occurs through a predominately paracellular pathway driven by a transepithelial electro-
chemical gradient caused by sodium reabsorption [46]. In the TALH, 50-70% of magnesium is
reabsorbed, also via a paracellular pathway. A lumen-positive transepithelial gradient driven
by NKCC2 and ROMK is required. Loop diuretics inhibit the NKCC2 transporter, result-
ing in magnesium excretion. Claudin-16 and claudin-19 affect the tight junction permeability
at the TALH, also altering magnesium reabsorption [46]. The DCT reabsorbs the remaining
10-15% of magnesium. Here, reabsorption occurs through a transcellular pathway mediated
by TRPMS6, which is present on the apical surface [46, 47]. Epidermal growth factor (EGF) [48]
and the sodium-potassium-ATPase transporter increase TRPM6 and therefore the transport
of magnesium. The magnesium-sodium exchanger (SLC41A1) on the basolateral membrane
facilitates reabsorption into the peritubular capillaries [49].

Renal magnesium reabsorption is thought to be upregulated by PTH but inhibited by hyper-
magnesaemia and hypercalcaemia [4].

4.3.2. Gastrointestinal handling of magnesium

Intestinal absorption of magnesium depends on dietary intake, but approximately 40% is
absorbed. In humans, this predominately takes place in the jejunum and ileum with a small
amount being reabsorbed in the colon [44, 50].

Saturable, transcellular magnesium absorption occurs through TRMP6 and TRMP7 channels
[1, 44, 47]. Thirty percent of intestinal magnesium absorption occurs through the transcel-
lular mechanism; however, this increases in the instance of low dietary magnesium intake. In
cases of high luminal magnesium, the paracellular route predominately drives transport and
accounts for 80-90% of intestinal magnesium uptake.

4.3.3. Bone handling of magnesium

Around 50-60% of bodily magnesium is stored in the bone as hydroxyapatite crystals [46].
Half of this is insoluble with the remainder being freely exchangeable with the extracellular
fluid. Magnesium has been found to encourage osteoblast differentiation and proliferation,
resulting in reduced bone formation in hypomagnesaemic individuals [51].
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4.4. Hypermagnesaemia

Exogenous magnesium is found in oral and intravenous magnesium supplementation, rectal
enemas, antacids, laxatives and urethral irrigation solutions [45]. Elevated magnesium levels
are seen in patients given exogenous magnesium in the context of renal insufficiency but can
occur in the presence of normal renal function [21, 45]. The release of intracellular magne-
sium into the extracellular space is seen in individuals with severe burns, trauma or shock.
Associations with hypermagnesaemia include familial hypocalciuric hypercalcaemia, adrenal
insufficiency, hypothyroidism and hypothermia.

4.4.1. Clinical manifestations of hypermagnesaemia

Clinical sequelae caused by hypermagnesaemia can occur with levels greater than 2 mmol/L
(4.8 mg/dL). Hypermagnesaemia can cause hypotension as a result of vasodilation. Other man-
ifestations include nausea, vomiting, fatigue, neurological impairment and potentially paraly-
sis. Deep tendon reflexes are lost when serum magnesium is greater than 3 mmol/L. Reduced
bowel sounds, facial flushing, dilated pupils and heart block are clinical signs, which may
manifest [1, 4].

4.4.2. Treatment of hypermagnesaemia

Hypermagnesaemia requires management by ceasing exogenous magnesium administra-
tion. Intravenous hydration and intravenous calcium can be used in symptomatic individuals.
Calcium is thought to antagonise the effects of magnesium at the neuromuscular junction. Renal
replacement therapy is an option in those with chronic kidney disease.

4.5. Hypomagnesaemia

Gastrointestinal causes for hypomagnesaemia include inadequate dietary magnesium intact,
gastrointestinal loss through vomiting or diarrhoea, malabsorption, small bowel surgery and
alcoholism [46, 52]. Primary familial hypomagnesaemia caused by TRPM6 mutations can
result in reduced gastrointestinal absorption and renal loss.

Excessive renal magnesium loss at the PCT is seen with the use of frusemide and in Bartter syn-
drome; although this is usually mild due to distal compensation. Hypercalcaemia leads to hypo-
magnesaemia due to competition for transport at the TALH and CaSR activation [52]. Familial
hypomagnesaemia with hypercalciuria can occur in mutations of claudin-16 and 19 [53]. At the
DCT, thiazide diuretics and Gitelman syndrome cause urinary magnesium loss. EGF upregu-
lates TRPM6, and therefore EGF receptor inhibitors (cetuximab, panitumumab) contribute to
hypomagnesaemia. Nephrotoxic medication such as aminoglycosides, amphotericin B, cisplatin,
calcineurin inhibitors, pentamidine and cyclosporine can cause hypomagnesaemia [4].

In refeeding syndrome, recovery from diabetic ketoacidosis, pancreatitis, bony metastatic
disease and post-parathyroidectomy magnesium can shift from the extracellular to intracel-
lular space.
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Chronic proton pump inhibitor use has been associated with hypomagnesaemia, particularly
with concomitant diuretic use [52, 54]. The mechanism behind this has been thought to be due
to reduced gastrointestinal absorption although causality remains under investigation [54].

4.5.1. Clinical manifestations of hypomagnesaemia

Hypomagnesaemia can result in mood changes, fatigue, muscular spasm, weakness and neu-
romuscular excitability, which may manifest as hyperreflexia, carpopedal spasm, seizures
and tremor [46]. Prolonged QT intervals and ST depression resulting in cardiac arrhythmias
can occur. Hypomagnesaemia may potentiate digoxin toxicity. Due to urinary losses, hypo-
calcaemia and hypokalaemia are often seen with hypomagnesaemia [21].

4.5.2. Treatment of hypomagnesaemia

Hypomagnesaemia requires treatment with oral or intravenous replacement. Oral magne-
sium supplementation is not well absorbed when used in high doses and can cause diarrhoea.
Individuals presenting with symptoms or cardiac manifestations should be treated promptly
with intravenous magnesium [45].

5. Conclusion

Calcium, phosphate and magnesium are electrolytes found in the human body, which rely
on tight regulatory control in order to support human life and function. The kidney, intestine
and bone are essential in maintaining the fine balance. Diseases affecting any of these organs,
or the hormones involved in homeostasis, can disrupt the levels of each electrolyte causing
symptomatic and potentially life-threatening consequences.

In addition to the kidney, intestine and bone, calcium relies on PTH, PTHrP, phosphate,
cholecalciferol, calcitriol, FGF23 and klotho to maintain normal serum levels in the human
body. Individuals with hypercalcaemia and hypocalcaemia can present with asymptomatic
or symptomatic disease depending on the severity and chronicity. It is important to manage
each condition to prevent immediate and long-term complications.

Phosphate and calcium and dependent on each other with disruption to the balance of one
having impacts on the other. Phosphate homeostasis is also reliant on PTH, FGF23 and klotho.
Hyperphosphataemia is common in patients with chronic kidney disease and has many long-
term ramifications, and hypophosphataemia can lead to severe illness and death.

Magnesium does not appear to rely on hormonal control. It plays important roles in neuro-
muscular activity. Hypermagnesaemia is rare in cases of normal renal function and is most
often a result of exogenous ingestion. Hypomagnesaemia may be due to a wide array of
causes and disturbs neuromuscular signalling.

Clinicians require a thorough understanding of the intricacies of calcium, phosphate and mag-
nesium homeostasis in order to prevent, diagnose and manage complications of disturbance.
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Abstract

Potassium is the major intracellular cation in the human body. Over 98% of the total
body potassium is located within the intracellular compartment. In healthy adults, the
total intracellular content of potassium is equivalent to 3000-3500 mmol. Approximately
70% of this amount is found in skeletal muscle with lesser amounts in bone, red blood
cells, liver and skin. The extracellular compartment contains 1-2% of the total body
potassium. This uneven distribution of total body potassium is the result of an electro-
genic pump, Na*, K* ATPase. This pump transports three sodium ions extracellularly
in exchange of transporting two potassium ions intracellularly. This mechanism cre-
ates a ratio that determines the cell membrane potential. Maintenance of this potas-
sium ratio and membrane potential is vital for normal nerve conduction and muscular
contraction.

Keywords: hyperkalemia, hypokalemia, acidosis, alkalosis

1. Potassium physiology and homeostasis

The kidney is responsible for maintaining the total body potassium content by matching
intake with excretion. Insulin and catecholamines are primarily responsible for the regulation
and distribution of potassium between the intracellular and extracellular compartments [21].

Other factors that can alter the distribution of potassium between compartments include acid-
base disorders, plasma osmolarity and exercise. The following section describes the effects of
these factors in causing transcellular shifts of potassium.
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1.1. Transcellular shifts
1.1.1. Insulin and catecholamines

After a meal, postprandial release of insulin shifts dietary potassium from the extracellular
compartment into the intracellular compartment. This trans-cellular shift is mediated by insu-
lin binding to cell surface receptors, which stimulates glucose uptake in insulin-responsive
tissues via the glucose transporter protein, GLUT 4.

Furthermore, insulin activates the Na*, K* ATPase pump via increased intracellular CAMP
production. This increases cellular uptake of potassium, thereby lowering serum potassium.
In contrast to insulin, the effect of potassium regulation by catecholamines is dependent on
which adrenergic receptor subtype is activated.

Activation of the beta 2 receptor triggers Na*, K* ATPase, which induces cellular potassium
uptake causing a fall in serum potassium. Activation of the alpha 1 receptor has the opposite
effect, causing inhibition of Na*, K* ATPase preventing cellular uptake and causing elevated
serum potassium levels. These effects have important pharmacological implications. Drugs
that block beta 2 receptors tend to increase serum potassium. Likewise, drugs that block the
alpha 1 receptors can lower serum potassium.

1.1.2. Aldosterone

Aldosterone alters the distribution of potassium between the extracellular and intracellular
compartments. The Na*, K* ATPase pump is activated by aldosterone and causes cellular uptake
of potassium. In the absence of altered renal potassium excretion, hypokalemia can result.

Aldosterone can also increase potassium excretion via the kidneys and to some degree by the
gastrointestinal tract.

Details on the actions of aldosterone in the renal tubule are further explained in Section 1.5.

1.1.3. Hyperglycemia/hyperosmolality

Hyperglycemia and hyperosmolarity cause water movements from the intracellular to the
extracellular compartment. This movement is responsible for solvent drag which transports
potassium out of the cell. Additionally, cell shrinkage occurs and increases intracellular potas-
sium concentration. There is feedback inhibition of the Na/K ATPase pump which decreases
cellular uptake of potassium, thus normalising intracellular potassium. This creates a concen-
tration gradient that allows for potassium exchange between compartments.

1.1.4. Metabolic acidosis

Metabolic acidosis is associated with abnormal serum potassium. Acidosis caused by inorganic
anions such as NH,Cl and HCI can result in hyperkalemia. The mechanism behind this is not
understood. Organic acids such as lactic acid generally do not cause potassium shifts between
compartments. Hyperkalemia may be seen in lactic acidosis; this is the result of tissue ischemia
causing cellular death and release of intracellular potassium into the extracellular fluid.
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1.1.5. Exercise

Exercise has multiple effects on potassium. Contraction of skeletal muscle during heavy
exercise results in release of potassium. This in turn signals catecholamine release which
stimulates alpha 1 adrenergic receptors to cause potassium to shift out of cells. The increase in
extracellular potassium further induces arterial vasodilation in normal blood vessels, thereby
increasing skeletal blood flow. Catecholamine release during exercise also activates beta 2
adrenoreceptors which increase skeletal muscle uptake of potassium, regulating potassium
and minimising exercise-induced hyperkalemia.

1.2. Dietary intake

According to international dietary guidelines, the recommended dietary intake of potassium
should be 90-120 mmol/day [3, 20].

Potassium is absorbed through the gastrointestinal tract and is distributed amongst the intra-
cellular and extracellular fluid compartments. Dietary intake varies worldwide; the western
diet provides 50-100 mmol of potassium daily [3, 21].

Foods that are rich in potassium include many fruits and vegetables.

After a potassium-rich meal, increases in extracellular potassium are negated by rapid cel-
lular uptake that allows for elimination in the urine over a period of 6-8 h.

About 90% of potassium is excreted in the urine with the remaining 10% excreted via the
stool.

Potassium homeostasis is controlled by the changes in renal potassium excretion. The follow-
ing section describes the basic physiology of renal potassium excretion.

1.3. Renal potassium excretion

Evolving concepts in renal potassium excretion involves the recognition of reactive and pre-
dictive systems [16].

The reactive system comprises of a negative and a forward system. The negative system
consists of a negative feedback loop that modulates renal potassium, on the basis of plasma
potassium and serum aldosterone levels [16].

High plasma potassium concentrations or elevated serum aldosterone levels increase urinary
potassium excretion bringing plasma potassium concentration back to physiologic range.
The forward system describes an unidentified potassium-sensing gut factor that increases
urinary potassium excretion, in response to a high potassium diet before an increase in
plasma potassium concentration, or changes in plasma aldosterone levels occur [4, 5, 7]. In
addition to these systems, a circadian rhythm of potassium excretion has been proposed,
for instance, the predictive system which is independent of potassium intake and activity.
In studies measuring urinary potassium excretion, it has been observed that urinary potas-
sium excretion is the lowest in the night and early mornings and highest from noon to early
afternoon [16].
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1.4. Renal potassium handling

Serum potassium is almost completely ionised and not bound to plasma proteins. It is filtered
through the glomerulus. Approximately 65-70% of potassium filtered through glomeruli is
reabsorbed in the proximal tubule. Less than 10% of the filtered load reaches the distal nephron.

Potassium reabsorption in the proximal tubule primarily occurs through paracellular pathways.

Sodium reabsorption across the tubule allows for fluid absorption to occur. As a result of this pro-
cess, solvent drag occurs which permits potassium reabsorption. In addition, the electrical volt-
age within the tubular lumen gradually becomes more positive as fluid flows down the tubule.

This change in voltage provides an additional force favouring potassium reabsorption
through the paracellular pathway, which is of low resistance.

In the loop of Henle, both secretion and absorption occur. Potassium is secreted in the
descending loop in deep nephrons and is reabsorbed in the ascending loop through the action
of the Na*, K* 2CI~ cotransporter. The majority of the potassium reabsorbed by this protein
is recycled back into the tubular lumen by the renal outer medullary potassium channel
(ROMK), an ATP-dependent apical potassium channel that transports potassium out of cells.
Modest net absorption of potassium occurs as a result of this process. The site and regulation
of renal potassium excretion predominantly occurs in the distal tubule and collecting duct.

The distal nephron, which comprises the distal tubule and collecting duct, has both reabsorp-
tive and secretory functions. Potassium excretion primarily occurs here.

There are several cell types within the epithelium of the distal tubule and collecting ducts. The
most important of these cell types are the principal cells, which approximate to 70% of cells
and the intercalated cells. Both cell types are located within the collecting duct. Principal cells
are primarily located within the cortical collecting duct and intercalated cells are dispersed
throughout the entire length of the collecting duct.

Potassium secretion is by principal cells, which involves uptake of potassium from the inter-
stitium by Na*, K* ATPase and secretion into the tubular lumen through potassium channels:
ROMK and BK also known as maxi-K.

ROMK and BK are both permeable to potassium and are regulated by different mechanisms [3].

There are several factors that influence principal cells to secrete potassium. These factors
include low potassium diet, high potassium diet, angiotensin II, high serum potassium, aldo-
sterone, luminal flow rate, extracellular pH and high Na delivery.

Sodium delivery to the distal tubule is the major regulator of potassium excretion. High
sodium delivery stimulates potassium secretion. It achieves this in two ways. Firstly,
increased sodium delivery causes increased sodium entry via epithelial sodium channels
(ENaC), which depolarises the apical membrane causing an increase in the electrochemical
gradient, promoting outward flow potassium through the potassium channels. Secondly, the
more sodium delivered to the tubule, the more sodium is pumped out by Na*, K* ATPase and
more potassium is pumped in [3].
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This potassium is then secreted across the apical membrane of principal cells into the luminal
fluid by apical potassium channels.

At low dietary loads of potassium, there is no secretion by either channel. The body is con-
serving potassium. ROMK channels are sequestered into intracellular vesicles. BK channels
are closed [3]. In normal concentrations of potassium, ROMK channels secrete potassium
whereas BK channels remain closed. In conditions where there is high potassium secretion,
for example, high potassium diet, both ROMK and BK channels are open [3].

Angiotensin Il is an inhibitor of potassium secretion; its mode of action is to decrease activity
of ROMK, thereby limiting potassium flux into the tubular lumen.

The intercalated cells are subdivided into type A which are numerous, type B which are lim-
ited in number and non-A and non-B cells.

The intercalated cells, particularly type A, reabsorb potassium. Type A intercalated cells reab-
sorb potassium via the H*, K* ATPase, located within the apical membrane which actively
takes up potassium from the lumen in exchange for hydrogen ions. Potassium can then enter
the tubular interstitium across the basolateral membrane via potassium channels. In condi-
tions of low potassium, potassium depletion increases H*, K* ATpase expression resulting in
increased active potassium reabsorption and decreased potassium excretion.

An important regulator of potassium in the distal nephron is the enzyme with no lysine
kinases (WNK kinases). WNK kinases activate sodium reabsorption in the distal tubule and
inhibit the ROMK channel [16, 22].

As a result of this, there is decreased sodium delivery to the collecting duct, and coupled with
this is decreased ROMK expression leading to decreased potassium secretion [16, 22].

WNK kinase activity is sensitive to chloride and potassium concentrations [16, 22].

1.5. Aldosterone paradox

Aldosterone has the ability to signal the kidney to cause sodium retention without potassium
secretion in states of volume depletion but can also stimulate potassium secretion without
sodium retention in the hyperkalemic state [6].

In humans, aldosterone is the major mineralocorticoid. It promotes sodium absorption and
potassium excretion by binding to mineralocorticoid receptors located in the distal tubules
and collecting ducts. Aldosterone increases Na*, K* ATPase activity in the basolateral mem-
brane which is responsible for sodium reabsorption across the luminal membrane. This
increases the electronegativity of the lumen which increases the electrical gradient and potas-
sium permeability.

In states of volume depletion, the renin-angiotensin-aldosterone axis is activated and causes
renal sodium absorption restoring extracellular fluid volume without a demonstrable effect on
renal potassium excretion. In the presence of hyperkalemia, release of aldosterone increases
urinary potassium excretion, thereby restoring serum potassium levels to normal. This effect,
however, does not result in sodium renal retention.
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2. Disorders of potassium

2.1. Hypokalemia
2.1.1. Epidemiology

Hypokalemia is defined as serum potassium concentration levels of <3.5 mmol and is a com-
mon electrolyte disturbance amongst hospitalised patients [6].

As many as 20% of hospitalised patients are found to have hypokalemia, but only 4-5% of this
is deemed to be clinically significant [6, 13, 22].

There are no significant differences in its prevalence amongst males and females [6].

2.1.2. Aetiology
2.1.2.1. Redistribution

About 2% of the total body potassium is within the extracellular compartment. Consequently,
small shifts of potassium from the extracellular compartment to the intracellular compart-
ment can cause hypokalemia. Additionally, glycogenesis during total parenteral nutri-
tion or enteral hyperalimentation causes insulin release which shifts potassium into cells.
Furthermore, the sympathetic nervous system is involved in the activation of the beta 2 recep-
tors causing intracellular shift of potassium. Stimulation of beta 2 receptors can also occur in
thyrotoxicosis.

A rare cause of redistribution-induced hypokalemia is hypokalemic periodic paralysis. In this
condition, flaccid paralysis and muscular weakness occur during the night or early mornings,
typically after ingestion of a large carbohydrate meal.

2.1.2.2. Renal potassium losses

Renal potassium losses are the most common cause of hypokalemia.
Drugs are common causes of renal potassium loss.

Thiazide and loop diuretics block sodium reabsorption in the distal convoluted tubule and
loop of Henle, respectively. Reabsorption does not occur proximal to the collecting duct,
thereby increasing sodium delivery to the principal cells of the collecting duct. This stimulates
sodium uptake and at the same time promotes potassium secretion causing potassium loss
resulting in hypokalemia.

High dosage of penicillins is thought to cause hypokalemia by increased sodium delivery to
the collecting duct and principal cells which result in urinary potassium secretion [22].

The antifungal agent amphotericin directly increases collecting duct secretion of potassium.
This is achieved by its direct action of binding to collecting duct cells and forming pores
which result in potassium loss.
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The mechanism of action for aminoglycosides causing hypokalemia is not completely under-
stood [22]. It is postulated that ROMK is activated by aminoglycosides causing urinary potas-
sium secretion [22].

Cisplatin, an antineoplastic agent can cause both hypokalemia and hypomagnesemia.

Hypokalemia is related to hypomagnesemia. Magnesium mediates inhibition of ROMK. In
states that where there is magnesium deficiency, ROMK inhibition is lost enabling potassium
excretion [22].

Coupled with this is inhibition of Na*, K* ATPase pump caused by low magnesium, causing
potassium to be excreted via K channels particularly in the thick ascending limb [22].

Toluene is thought to lead to potassium wasting by causing renal tubular acidosis (RTA) [22].

Licorice and herbal cough mixtures contain glycyrrhizic and glycyrrhetinic acids. They are
thought to exert mineralocorticoid effects leading to hypokalemia [22].

Bicarbonaturia results from metabolic alkalosis, distal RTA or treatment with proximal RTA.
Increased distal tubular bicarbonate delivery increases potassium secretion.

Magnesium deficiency can cause high potassium excretion and potassium deficiency. Under
ideal conditions, intracellular magnesium inhibits the apical ROMK channel. In magnesium
deficiency, the ROMK channel is not inhibited by magnesium resulting in increased potas-
sium excretion.

Magnesium deficiency should be suspected when potassium replacement does not correct
the hypokalemia.

Intrinsic renal potassium transport defects are rare. Barterrs, Gittlemanns and Liddles are
such conditions. A review of these conditions is not described here.

Similarly, detailed descriptions of genetic defects that result in elevated levels of aldosterone,
glucocorticoid remediable aldosteronism, congenital adrenal hyperplasia and syndrome of
apparent mineralocorticoid excess, are not described in great detail here (See Table 1).

Drugs Hormones Renal tubular defects Genetic defects

* Thiazide diuretics e Aldosterone ¢ Bartter syndrome e Glucocorticoid-remediable

* Loop diuretics ¢ Gitelman aldosteronism

o Penicillins; syndrome . Sy.ndrome of apparent mineralocorti-
Piperacillin-Tazobactam ¢ Liddle syndrome coid excess

«  Amphotericin B ¢ Congenital adrenal hyperplasia

* Aminoglycosides
¢ Cisplatin
¢ Toluenes

® Herbal cough mixtures

Table 1. Causes of renal potassium losses.
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2.1.2.3. Extra-renal potassium losses

The skin and gastrointestinal tract excrete small amounts of potassium. Excessive sweat-
ing or chronic diarrhoea can cause potassium losses. Likewise, vomiting or nasogastric
suction can cause hypokalemia although gastric fluids contain only 5-8 mmol/l of potas-
sium. This is associated with concomitant metabolic alkalosis and intravascular volume
depletion which cause secondary hyperaldosteronism and increases urinary potassium
loss.

2.1.2.4. Pseudohypokalemia

Pseudohypokalemia occurs when serum potassium decreases artifactually after phlebotomy.

Acute leukemia is the most common cause. Abnormal leucocytes take up potassium when
blood is stored in collection vial for a prolonged period of time at room temperature. Rapid
separation of plasma and storage at 4°C are used for diagnosis.

Clinical features: the clinical manifestations of hypokalemia are proportionate to the degree
and duration of serum potassium reduction.

Symptoms are often not present until serum potassium is below 3.0 mmol/L.

A potentiating factor such as digoxin can predispose hypokalemic patients to have cardiac
arrhythmias because of altered resting membrane potential.

2.1.2.5. Cardiac

Epidemiological studies have linked hypokalemia and low potassium diet with an increased
prevalence of hypertension.

Potassium deficiency can increase blood pressure. Mechanisms that have been proposed to be
responsible for this effect include sodium retention with subsequent increased intravascular
volume and endogenous vasoconstriction which sensitises the vasculature.

Electrocardiographic (ECG) changes with cardiac arrhythmias can be seen. Common ECG
changes are U waves and ST segment depression along with T wave flattening.

2.1.2.6. Hormonal

Hypokalemia impairs insulin release and induces insulin resistance which worsens glycemic
control in diabetic patients.

2.1.2.7. Muscular

Hypokalemia can lead to skeletal muscle weakness and increases sensitivity to develop exer-
tional rhabdomyolysis by reducing skeletal muscle blood flow. Furthermore, hypokalemia
hyperpolarises skeletal muscle reducing muscle contraction.
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2.1.2.8. Renal

Hypokalemia can lead to significant disturbances in renal function.

Reduced medullary blood flow and increased renal vascular resistance may result in hyper-
tension, tubulointerstitial and cystic changes, acid base disturbances and damage to the renal
concentrating mechanisms [22].

Potassium deficiency can cause tubulointerstitial fibrosis which is seen in the outer medulla.
The duration of hypokalemia determines the degree of damage. Prolonged hypokalemia
may result in renal failure. Furthermore, chronic potassium deficiency causes renal hyper-
trophy that can lead to renal cyst formation particularly during increased mineralocorti-
coid use [22].

Hypokalemia increases renal ammonia production.

Metabolic alkalosis is associated with hypokalemia and occurs because of increased renal net
acid secretion as a result of increased ammonia excretion [22].

Additionally, it can also cause increased urinary potassium secretion resulting in hypokalemia.

In cases of severe hypokalemia, respiratory muscle weakness may arise leading to the devel-
opment of respiratory acidosis and if severe, respiratory acidosis.

Severe potassium depletion can cause polyuria, with urinary outputs measuring 2-3 L.

Increased thirst and nephrogenic diabetes insipidus are factors potentiating the severity of
polyuria. Nephrogenic diabetes insipidus is a result of decreased expression of water trans-
porter aquaporin 2 (AQP2) and urea transporter proteins UT-A1, UT-A3, and UT-B which
take part in urine concentration mechanisms and water reabsorption [22].

2.1.2.9. Nervous system

Cramps, paresthesias, paresis, and ascending paralysis are typical features of neurological
involvement.

2.1.2.10. Treatment

Treatment approach is dependent on the severity of hypokalemia and the presence of
symptoms. Treatment should include reducing the amount of potassium lost, replenishing
potassium stores, assessing for potential toxicities, and determining the cause so that future
episodes can be prevented [6, 22].

Short-term risks of hypokalemia are cardiovascular arrhythmias and neuromuscular weak-
ness which can be life-threatening and require urgent treatment in the form of intravenous
potassium usually 5-10 mmol over 15-20 min [22].

Urgent treatment for hypokalemia however is rarely required [14].
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It should be noted that the body responds to potassium losses, by shifting potassium
from the ICF compartment to the ECF compartment, minimising change in extra-cellular
potassium. With potassium replacement, potassium is shifted back into the ICF. The
degree or magnitude of potassium deficiency can be masked. The amount of potassium
required to replace the potassium lost is greater than predicted change in extra-cellular
volume [6, 22].

The severity of hypokalemia determines the administration of either intravenous or oral
potassium. Patients presenting with potassium levels of 2.5-3.5 mmol represent mild
to moderate hypokalemia and can be treated with oral potassium supplements. Severe
hypokalemia defined as potassium levels of <2.5 mmol should be treated with intravenous
potassium [6, 22].

Hypokalemia is associated with magnesium deficiency. Magnesium is important for potas-
sium uptake and for maintenance of intracellular potassium levels particularly in the myo-
cardium [1].

2.1.2.11. Intravenous potassium

Intravenous potassium infusions can cause pain if given peripherally via a small vein. The
maximum rate of potassium administration peripherally is 10 mmol/h [1, 6, 22].

In cases where more rapid replacement is necessary, potassium infusion rates >10 mmol/h
can be administered but require central access, electrocardiograph monitoring and frequent
monitoring of serum potassium [1, 6, 22].

2.1.2.12. Oral potassium

Oral potassium supplements can take the form of potassium chloride or effervescent tablets.

Potassium chloride tablets contain 8 mmol of potassium per tablet, as opposed to effervescent
tablets which contain 14 mmol per tablet (Table 2).

2.2. Hyperkalemia
2.2.1. Epidemiology

Hyperkalemia occurs frequently amongst patients with chronic kidney disease, diabetes and
heart failure and patients using RAAS inhibitors (renin-angiotensin-aldosterone) or NSAIDS
(non-steroidal anti-inflammatories). Less than 1% of normal healthy adults develop hyperka-
lemia [22].

2.2.2. Aetiology

Hyperkalemia can be the result of psuedohyperkalemia, potassium redistribution from intra-
cellular fluid to extracellular fluid and imbalances between potassium intake and excretion.
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Hypokalemia Treatment

Mild (3.0-4.0 mmol) Oral potassium:
e Effervescent tablets1-2 tabs bd (14-28 mmol)
* Potassium chloride tablets 1-2 tabs bd (8-16 mmol)

e IV potassium; 60 mmol/24 h

Moderate (2.5-3.0 mmol) Oral requirements; total requirements are 96 mmol/day [2].

IV potassium infusion; 90 mmol/24 h [2]

Severe (<2.5 mmol) IV potassium infusion: 5-10 mmol/h

Table 2. Treatment of hypokalemia.

In this section, a brief description of each cause is given.

2.2.3. Psuedohyperkalemia

Release of potassium from erythrocytes after phlebotomy occurs. Free hemoglobin is released
into plasma from damaged erythrocytes and is reported as hemolysis. In the presence of
hemolysis, reported plasma potassium is not representative of the actual plasma potassium.
Treatment should not be initiated, and repeat measurement of plasma potassium must take
place.

Ischemia from difficult phlebotomy or exercise of limb in the presence of tourniquet can lead
to abnormally increased potassium values. Potassium can also be released from other cellular
elements present in blood during clotting particularly, with severe leucocytosis (>70,000/cm?)
or thrombocytosis. About one-third of patients with platelet counts of 500-1000 x 10~° have
psuedohyperkalemia [22].

Diagnosis of psuedohyperkalemia is made by measuring serum/plasma potassium.

2.2.3.1. Redistribution

Hyperglycemia from insulin deficiency and hyperosmolarity are important causes of potas-
sium movement from the intracellular fluid to the extracellular fluid. Moreover, medications
such as beta 2 adrenoreceptor antagonists, RAAS inhibitors and mineralocorticoid receptor
blockers are common agents that can cause hyperkalemia.

2.2.3.2. Potassium intake

In general, excessive dietary intake does not cause chronic hyperkalemia because the kidney
can excrete ingested potassium.

There are other factors that contribute to hyperkalemia when renal potassium excretion is
impaired.
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2.2.3.3. Impaired potassium excretion

In patients with decreased kidney function, there is impaired potassium excretion.

In chronic kidney disease, renal potassium secretion from distal nephrons is preserved until
the glomerular filtration rate is reduced to 10-20 ml/min [22].

Medications can affect potassium excretion. A list of medications and their effects is described
in Table 3.

Hyperkalemia may occur in obstructive uropathy. This is in part due to decreased Na*, K
ATpase expression and activity. It can persist for months or years after the obstruction is
relieved [22].

This is thought to be due to a persistent defect in the collecting duct, where secretion is impaired.

Aldosterone deficiency is not responsible.

Class Class example Mechanism

Potassium-containing Potassium chloride Increased potassium intake

drugs

Beta adrenergic blockers Propranolol, metoprolol, and atenolol Inhibition of renin release
Angiotensin-converting Ramipril, perindopril, and lisinopril Inhibition of angiotensin I to angiotensin
enzyme (ACE) inhibitors II

Angiotensin receptor Irbesartan, losartan, and candesartan Inhibition of angiotensin I receptor by
blockers angiotensin II

Direct renin inhibitors Aliskiren Inhibition of renin activity resulting in

decreased angiotensin II production

Heparin Heparin sodium Inhibition of aldosterone synthase, rate-
limiting enzyme for aldosterone synthesis

Aldosterone receptor Spironolactone and eplerenone Block aldosterone receptor activation

antagonists

Potassium-sparing Amiloride and triamterene Block collecting duct apical ENaC

diuretics channel, decreasing gradient for K
secretion.

NSAIDS and COX-2 Ibuprofen Inhibition of prostaglandin stimulation

inhibitors of collecting duct potassium secretion.

Inhibition of renin release

Digitalis glycosides Inhibition of Na*, K* ATPase necessary for Digoxin
collecting duct K secretion and regulation of
K distribution into cells.

Calcineurin inhibitors Inhibition of Na*, K* ATPase necessary for Cyclosporine and tacrolimus
collecting duct K secretion.

Table 3. Pharmacological agents causing hyperkalemia. Class Example and Action description for digoxin and CNIneed
to be reversed, for eg action of drug for digoxin under class example and class example digoxin is under action of drug,
this also applies FOR CNIL.
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2.3. Clinical manifestations

Hyperkalemia may be asymptomatic or cause life threatening arrhythmias.

2.3.1. Cardiac

Hyperkalemia decreases the transmembrane potassium gradient. This results in cell mem-
brane depolarisation, slowing of ventricular conduction and decrease in the duration of the
action potential. These changes result in electrocardiogram (ECG) manifestations including
peaked T waves, broadening of QRS complexes, loss of p wave and ventricular fibrillation
which can lead to asystole. Changes in plasma potassium may not result in ECG changes.
ECG has been described to be a poor tool for detecting hyperkalemia with a sensitivity of
34-40% [9-12, 15].

2.3.2. Neuromuscular

Neuromuscular effects include paresthesias, weakness and paralysis. Deep tendon reflexes
may be depressed or absent. Sensory findings are absent.

2.3.3. Gastrointestinal

Nausea, vomiting and diarrhoea can occur but are less encountered.

2.4. Diagnosis

Transtubular potassium gradient (TTKG) can help distinguish renal causes of hyperkalemia
from non-renal causes.

It is a measurement of net potassium secretion by the collecting duct after correcting for
changes in urinary osmolality.

The formula is as follows Eq. (1):

urine potassium - urine osmolality

TTKG =

plasma potassium - plasma osmolality 1)

2.4.1. Effects on the cardiac system

Calcium given by the parenteral route does not produce changes in extracellular potassium
but stabilises cell membrane potential by ameliorating the effects of hyperkalemia on myocar-
dial conduction system and depolarisation [22] (Tables 4 and 5).

Responses occur within a few minutes and duration of action is between 30 and 60 min.

Although there are no clinical studies assessing efficacy, it has been accepted for the treatment of
hyperkalemia when life threatening ECG changes are present or when cardiac arrest occurs. Life-
threatening ECG changes include absent P waves, broad QRS complexes and sine-wave pattern.
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TTKG Indication

<5-7 Suggest aldosterone deficiency or resistance
6-12 Normal

>10 Suggest normal aldosterone action and extra renal cause of increased potassium.

Table from Comprehensive Clinical Nephrology 6th Edition. 2019.

Table 4. Interpretation of TTKG.

Medication Dose Route of Time of Mechanism
administration onset
Calcium gluconate Calcium gluconate Intravenous 1-3 min Cell membrane stabilisation
10%

Calcium chloride
Calcium chloride

10 mls
Insulin with dextrose 10 units IV with Intravenous 30 min Cellular potassium uptake

50 mls of 50%

dextrose
Beta 2 adrenergic Salbutamol 1520 mg  Nebuliser 30 min Cellular potassium uptake
agonist
Sodium polystyrene 30g-60g Oral >2h Potassium removal by potassium
sulfonate binding resins
‘Sodium bicarbonate™  25-100 mls Intravenous within Transcellular shift by

8.4% NaHCO, 60 min alkalinisation

Bicarbonate affecting H/K
exchange; pushes potassium back
into cells.

over 5-15 minutes

‘Sodium bicarbonate can be considered if acidemia is present; pH <7.2.

*Hemodialysis is the most effective method of removal of potassium. Acute hemodialysis is indicated when hyperkalemia
is life threatening and is refractory to medical treatment. The more severe the hyperkalemia is, the more rapid reduction
of plasma potassium is required, until serum potassium is <6.0 mmol/L.

Table 5. Treatment of hyperkalemia.

The dose of calcium gluconate is higher than calcium chloride because it requires liver metab-
olism to release calcium.

2.4.2. Cellular uptake of potassium

Insulin and beta 2 adrenergic agonists stimulate cellular uptake of potassium. Insulin achieves
this by binding to insulin receptors located on skeletal muscle. The duration of action for insu-
lin can last for 4-6 h. Glucose is co-administered to prevent hypoglycemia.

Beta 2 receptor adrenergic agonists can be administered via inhalation and subcutaneous or
intravenous routes. Tachycardia is a significant complication of therapy particularly at high
doses required to treat hyperkalemia (2-8 times higher given for bronchodilation).
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It has been reported that upto 25% of patients with hyperkalemia do not respond to beta 2
agonist therapy [17, 19].

2.4.3. Potassium removal

Reducing total body potassium involves decreased oral intake, enhanced fecal and urinary
potassium excretion and dialysis.

In terms of dietary intake, limited amounts of citrus fruits, potatoes, tomatoes and salt prod-
ucts should be ingested.

Hemodialysis is the most effective mode of removal of potassium. In patients with advanced
renal failure, the ability of the distal nephron to excrete potassium is reduced. In these patients,
hemodialysis is the preferred mode of removal.

Oral potassium binding resins are other agents used in the treatment of hyperkalemia.

This is best observed in patients with chronic hyperkalemia. Sodium polystyrene sul-
fonate and calcium polystyrene sulfonate are common agents used. They exchange
sodium and calcium, respectively, for potassium in the gastrointestinal tract. It can be
administered orally or rectally as a retention enema. Furthermore, polystyrene sulfo-
nates have been reported to cause constipation, intestinal necrosis and colonic perfora-
tion. Consequently, newer agents have been developed and are being evaluated in clinic
trials.

Sodium zirconium cyclosilicate (Z5-9) is an oral cation exchanger designed to trap monovalent
cations in the gastrointestinal tract. Its framework structure is full of micropores that allow
selectivity of trapping potassium ions in exchange for sodium and hydrogen. Clinical trials
have demonstrated its success in lowering plasma potassium levels within 24 h. The onset
of action is 1 h following the first dose. Dose has varied from 2.5 to 10 g. Dose-dependent
oedema is a notable side effect. It should be given 2 h apart from oral medications with gastric
pH dependence. It binds potassium throughout the gastrointestinal tract. The bioavailability
is 7 h after the onset of action after the first dose. Location of potassium binding is predomi-
nantly in the distal colon.

Long-term effects on mortality are still yet to be confirmed. In May 2018, the FDA approved
ZS5-9 for the treatment of hyperkalemia. It is known as Lokelma in the USA.

Patiromer is another new agent that binds potassium in the lumen of the gastrointestinal tract.
It consists of a polymer anion (the active moiety patiromer) and a calcium-sorbitol complex.

Clinical trials have shown a reduction in plasma potassium levels but there are some side
effects that have been observed. Hypomagnesemia has been reported in patients taking this
agent.

Its use in patients with cardiac arrhythmia has been questioned, as hypomagnesemia can
be associated with cardiac arrhythmias. It can also cause gastrointestinal side effects, for
example, mild to moderate constipation. Its brand name is Veltessa.
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