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Hyponatremia is the most common electrolyte disorder in clinical practice. Catastrophic complications can occur from severe acute hyponatremia and from inappropriate management of acute and chronic hyponatremia. It is essential to define the hypotonic state associated with hyponatremia in order to plan therapy. Understanding cerebral defense mechanisms to hyponatremia are key factors to its manifestations and classification and subsequently to its management. Hypotonic hyponatremia is differentiated on the basis of urine osmolality, urine electrolytes and volume status and its treatment is decided based on chronicity and the presence or absence of central nervous (CNS) symptoms. Proper knowledge of sodium and water homeostasis is essential in individualizing therapeutic plans and avoid iatrogenic complications while managing this disorder.
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INTRODUCTION

Hypotonic hyponatremia is the most common electrolyte disorder encountered in clinical practice (1). In most cases, it is the result of impaired free water excretion due to the inability to suppress antidiuretic hormone (ADH). It can also result from polydipsia when water intake overwhelms the maximum renal diluting capacity. In this review, we are discussing the role of Neuronal adaptive responses to the hypotonic state that accompanies hypoosmolar hyponatremia focusing on the role played by the organic osmolytes. We are also reviewing the pathogenesis and manifestations of hyponatremia as well as treatment options and guidelines. While managing patients with hyponatremia, it is very important to keep in mind their risks for complications from the acute state as well as risks of demyelination in the chronic state. This should aid in individualizing treatment plans and avoid iatrogenic complications.



ORGANIC OSMOLYTES

Central to the clinical topic of acute and chronic hyponatremia is the subject of organic osmolytes. Although these chemicals in the brain were once referred to as “idiogenic osmoles,” they have been extensively characterized and measured (2). Although any non-electrolytic compound exerts an osmotic force, the amount of said osmotic force is directly proportional to the concentration or activity of the chemical in the solution being studied. In the context of brain organic osmoles, the major chemical classes for these are the methylamines such as glycerolphosphorylcholine and betaine, amino acids such as taurine, glutamine and glutamate and polyols such as sorbitol (2–4). Urea is an organic, osmotically active molecule, but as it diffuses rather quickly through lipid bilayers, it is not felt to be an “effective” osmolyte. Also, as the other classes of osmolytes are believed to stabilize protein quaternary structures, urea is known to denature proteins (5). Features of organic osmolytes are summarized in Table 1.


Table 1. Features of organic osmolytes.
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It is important to understand why we have such osmolytes in the first place. Single cell organisms have systems to regulate the intracellular concentrations of these chemicals. At the risk of oversimplification, it appears that concentrating organic osmolytes allows not only for the stabilization of cell volume when external ionic strength is high but also for the stabilization of protein structure and function under these conditions (6).

There is a time component to the regulation of the intracellular concentrations of organic osmolytes. In the mammalian brain, the first defense against brain swelling with acute hyponatremia is believed to involve a hydrostatic shift in fluid from brain to cerebrospinal fluid (CSF) and ultimately to the systemic circulation (7, 8). The second involves the active depletion of ions within brain cells. Specifically, decreases in the intracellular concentrations of potassium, sodium and chloride occur quickly with a new steady state reached after about 3 h (9).There appears to be a limit to this mechanism of adaptation, and it is clear that brain swelling is the predominant form of brain injury from acute hyponatremia (10). The increased risk of adverse outcomes in menstruant females reported by Arieff and colleagues appears to be associated with swelling at a cellular level (11–14).

In contrast, the slow development of hyponatremia, even to very severe degrees, is not complicated by significant brain swelling (15). This is probably related to the regulation of brain organic osmolytes which is, as mentioned earlier, time dependent. However, the time involved in regulation of organic ion concentrations is not uniform. Changes in amino acid concentrations appear to occur the quickest with polyols next and methyl amines, in particular, glycerophosphorylcholine, slowest (4, 16). Levels of different osmolytes in different states of chronic dysnatremias are shown in Figure 1. Important to note that there are also brain topographic differences in the timing of organic osmolyte regulation. The temporal dissociation between organic osmolytes concentration in brain tissues and the presence of demyelinating lesions with treatment, which represent the hallmark of treatment complications, has been well-established (17). In humans, the region of brain at greatest risk appears to be the pons (18), whereas in experimental rodent models the midbrain appears to be at greatest risk (17). It is important to note that clinical demyelination syndromes following rapid correction of hyponatremia in humans are not limited to the pons (19).


[image: Figure 1]
FIGURE 1. Brain organic osmolytes by chemical class in normal rats (left, N = 8) and rats exposed to chronic hyponatremia (right, N = 6) and hypernatremia (middle, N = 6). From references (4, 16).



Brain Injury With Acute Hyponatremia

Hypotonic hyponatremia primarily presents with symptoms of CNS dysfunction. These symptoms can range from mild, as in impaired taste sensation, muscle cramps, and nausea to moderate as in weakness, confusion, and delirium, to severe, in which altered mentation and seizures can occur. The severity of these symptoms depends on the etiology, the size of the drop in sodium concentration and the acuity or rapidity of that drop. These symptoms are more pronounced and can be life threatening when the drop in serum sodium concentration is large, <120 mmol/L, and acute, i.e., within few h (20).

Acute hyponatremia commonly occurs when the amount of water intake exceeds the ability to excrete electrolyte-free water by the kidneys, whether the renal water excretion is impaired due to inappropriate or non-osmotic release of ADH, or the excretion mechanisms are overwhelmed by large quantities of water. Some of these cases are seen in acute water intoxication and marathon runners (large amounts of water intake) (21) or in situations when there is inappropriate release of ADH that is primarily triggered by a nonosmotic stimulus as in stress in the post-operative state, HIV, CNS injury, pulmonary pathology and tumors (22–25).

Neuronal cellular response to the hypoosmolar state is a key determinant of encephalopathy that is affected by the severity and acuity of hyponatremia. The brain capillaries, unlike systemic capillaries, have tight endothelial junctions that are part of a neurovascular unit composed of astrocytes, with their foot processes lining the capillaries, pericytes and extracellular basement membrane forming the blood-brain barrier (BBB) (26, 27). Unlike systemic capillaries, were sodium readily crosses the intravascular compartment to the interstitial compartment, the BBB limits the entry of hydrophilic substances.

As part of the adaptive response of the brain to the hypoosmolar state that is associated with hyponatremia, water will move into the brain tissue, along the osmotic gradient, through the aquaporin-4 channels expressed on the foot processes of the astrocytes, in an attempt to limit osmotic stress injury to the neurons (28). This will result in swelling of the brain cells and brain edema. The brain adapts to the increase in volume by shunting the water through the astrocytes, while avoiding the neurons (29) and by losing intracellular and extracellular osmolytes in a process called volume regulatory decrease (VRD) (28). Astrocytes utilize energy dependent mechanisms that require the Na+-K+-ATPase system to expel K+ and Cl− while organic osmolytes like glutamate, glycine, taurine, creatine, myoinositol, and GABA are translocated through leak-pathways, hence decreasing volume and edema (30, 31). Of note, organic osmolytes, e.g., glutamate and GABA, have a dual function of being neurotransmitters in addition to being osmolytes; loss of glutamate from CNS cells can predispose to seizures, which is one of the clinical presentations of hyponatremic encephalopathy (32).

In addition to the acuity and the size of the drop in serum sodium, the severity of hyponatremic encephalopathy and mortality seem to be affected by the gender of the patient. In 1986, a case series reported 15 previously healthy female patients with a mean age of 41 years who developed severe hyponatremia about 49 h following elective surgery. Subsequently all of them either died or had permanent brain damage (14). A case-control study in 1992 found that post-operative hyponatremic encephalopathy is equally likely in both genders but women of menstruating age were 25 times more likely to die or develop permanent brain damage than either men or postmenopausal women (33). In endurance and ultra-endurance sports, like marathon and triathlon competitions, exercise-associated hyponatremia (EAH) was more prevalent and more severe with worse outcomes in women than men (21, 34). In 2005, a study, which looked at hyponatremia among runners in the Boston Marathon, found that female sex was not associated with hyponatremia, while extremes of body-mass index (BMI), weight gain while running and long racing time were associated with hyponatremia (35).

There are multiple proposed mechanisms that have been linked to the higher incidence of hyponatremia and hyponatremic encephalopathy in women. Female sex hormones have been shown to inhibit the activity of the Na+-K+-ATPase system, since estrogens share a similar core steroidal structure with ouabain and cardiac glycosides (known Na+-K+-ATPase system inhibitors), hence impairing the astrocyte volume regulation (36, 37). In an animal study, estrogen appeared to alter water movement and neurotransmission in the hippocampus by affecting aquaporin-4 expression (36). Finally, interleukin-6 (IL-6), which is released from skeletal muscle injury and is found at a higher level in women than men (37), is assumed to play a role in vasopressin secretion and reduce the expression of aquaporin-2, hence impairing free water excretion (38).

Therefore, acute symptomatic hyponatremia is considered an emergency that carries a high risk of mortality and morbidity (39). Immediate action is necessary to reverse the osmolar injury and brain edema.



Chronic Hyponatremia

In chronic hyponatremia (>48 h), the losses of both electrolytes and organic osmolytes (e.g., myoinositol, betaine, glutamine, taurine, and g-aminobutyric acid etc.) from brain cells are efficient mechanisms that regulate brain volume and thus minimize brain swelling and neurological symptoms (40, 41).

Mild or moderate hyponatremia had been previously referred to as asymptomatic hyponatremia (42). Unfortunately, this condition is not completely benign and can be associated with some subtle complications including attention deficit, lethargy, restlessness, disorientation, headache, nausea and vomiting, muscle cramps, falls, gait abnormalities and depressed neural reflexes, some of which are reversible upon improvement in serum sodium concentration (43, 44).

Several of the organic osmolytes lost from brain cells in the adaptive process of hyponatremia, in particular glutamate, are neuroactive and therefore could produce neurological abnormalities such as decreased synaptic release of excitatory neurotransmitters, which could explain the gait instability observed in chronically hyponatremic patients (40, 41, 45). In a study where attention tests were administered to patients with moderate hyponatremia and normal control subjects, hyponatremic patients had significantly higher error rates and more gait disturbances (46). Moreover, chronic hyponatremia is associated with increased risks of falls and injurious fractures in the elderly (47).

Fractures in patients with chronic hyponatremia are thought to arise from falls resulting from mild cognitive impairment and unsteady gait and directly from osteoporosis and increased bone fragility (48). Adults with mild hyponatremia have been shown to have a significantly increased risk for osteoporosis at the hip and femoral neck. These observations may be related to stimulation of osteoclastic activity and enhanced bone resorption in the setting of a low serum sodium concentration (49).

In primary care setting, all levels of hyponatremia are associated with all-cause mortality (50). Hyponatremia is a major risk factor for mortality in advanced liver cirrhosis and has been noted to be associated with increased mortality, rehospitalizations, prolonged hospital stays, and major cardiovascular events in patients with heart failure (51). It is also associated with higher risk for all-cause mortality in non-dialysis CKD and maintenance dialysis patients (52).



Consequences of Overly Rapid Correction

As previously stated, since chronic hyponatremia develops slowly, it allows the brain to compensate considerably by cellular exit of electrolytes and organic solutes that promotes water loss thus ameliorating brain swelling and minimizing symptoms (53). This adaptive process in chronic hyponatremia predisposes the brain to the development of osmotic demyelination syndrome (ODS) in the event serum sodium is rapidly corrected while re-accumulation of organic osmolytes is delayed. ODS occurs especially in the pons (central pontine myelinolysis), although extrapontine myelinolysis affecting the basal ganglia, cortex, lateral geniculate body and internal capsule can also occur (40, 41).

Transfer of taurine to adjacent astrocytes protects the neurons from osmotic stress and allows them to maintain their volume. Within 24–48 h after this transfer, astrocytes restore their volume through loss of organic osmolytes and down regulation of transporters (54). However, in the setting of a hypertonic stress due to rapid correction of hyponatremia the astrocytes are unable to rapidly reaccumulate depleted osmolytes, which then leads to disruption of the BBB (53, 54). In rats, rapid correction of chronic hyponatremia leads to rapid rises in brain Na+ and Cl− to supernormal levels while it takes several days for the organic osmolytes to reaccumulate in brain cells (16, 55). The variability of organic osmolyte reuptake by brain cells in different states can alter the risks of ODS. Reuptake of the myoinositol and other organic osmolytes occur more rapidly in the uremic environment which explains the low risk of ODS in uremic subjects (56). Astrocyte apoptosis is followed by the loss of the communication between astrocytes and oligodendrocytes, which is crucial for the myelination processes (40, 41). Following astrocyte death, it is predicted that inflammation induced by pro-inflammatory cytokines and microglia activation along with complement activation following the disruption of the BBB eventually result in demyelination (40, 41, 57).

Clinically, ODS manifestations may include quadriparesis, dysarthria, dysphagia, and other pseudobulbar symptoms, pseudobulbar palsy, seizures, locked-in syndrome, coma and even death (58). Usually, the development of these symptoms may occur several days after the correction of hyponatremia and in some cases, as suggested from autopsy series, ODS may be asymptomatic or mildly symptomatic (40, 41). These symptoms may or may not be reversible (58).



Treatment of Hyponatremia

Treatment of hyponatremia relies on the understanding of the CNS adaptation to altered serum osmolality and on the risks of complications from hyponatremia and its correction. The following factors that can affect the outcome of treatment should be considered while individualizing the therapeutic plan: (1) Severity of hyponatremia as determined by serum sodium concentration, (2) symptoms of altered central nervous function such as delirium, seizure, or coma and (3) acuity of hyponatremia (<48 vs. >48 h).



Using Formulas to Guide Therapy and Predict Correction Rate

The challenge in treating hyponatremia is to predict the rate of correction by each individual therapy in a specific patient. This requires individualized knowledge and understanding of the mechanisms of hyponatremia aiming for an appropriate rate of correction necessary to prevent unwanted consequences. Several formulas have been utilized in this regard to aid physicians in planning the therapeutic approach for their patients. Given their theoretical limitations, and the made assumptions, these formulas should guide therapy rather than replace frequent serum sodium concentration monitoring.

Quantification of free water excess (FWE) (59) can be an attractive way of planning and predicting the rate of correction of hyponatremia. Knowing that total body water (TBW) is roughly 50–60% of total body weight with the lower limit in females due to higher fat content, one can calculate FWE by the following formula:

[image: image]

By defining the desired sodium concentration, one can decide on the amount of free water that needs to be excreted over the next 24 h. This amount can be achieved by using loop diuretics as a method to downgrade urine concentration which can dilute the urine and simultaneously replacing sodium according to urine sodium and potassium excretion rates. In this calculation, it is assumed that the patient is euvolemic and that serum sodium is the only determinant of serum osmolality.

A different approach is to estimate the direct effect of a liter of a given fluid on serum sodium concentration [S (Na+)] which can be predicted according to the following formula (60):

[image: image]

Although it is widely used, this formula assumes that the human body is a closed system without paying attention to the urine composition. Moreover, it ignores the effect of volume management in hypovolemia which potentially can lead to overcorrection of hyponatremia due to the attenuation of the hypovolemic stimulus on ADH release.

Another approach validated by Edelman et al. (61) and simplified by Sterns (54) focused on body water-two ion model, where body fluids can be considered as being in a single tub (after eliminating cell membranes) containing Na+ and K+, the most prominent extracellular and intracellular cations, respectively, and water. When applying this concept [Na+], is altered by the net external balances of Na+, K+ and water as represented in the equation:

[image: image]

Where Na+, K+, and H2O are, respectively, total body rapidly exchangeable sodium, total body exchangeable potassium, and total body water. Using this equation, [Na+] can be predicted by the net change in Na+, K+ and water content assessed by their intake and their concurrent urinary losses. Figure 2 compares the “simple” and Edelman's formulas.


[image: Figure 2]
FIGURE 2. Comparison of “simple” formula (green) for serum sodium compared with Edelman formula (red) over ranges of patient size and water excess. Assumption made that fraction of water is 0.6 X body weight. Note that at lower patient size and greater water excess, difference between two formula becomes notable.




Strategies Used in the Therapy of Hyponatremia
 
1-Water Restriction

Water restriction is indicated for the treatment of all hyponatremias in the early phases particularly when associated with fluid overload states, the syndrome of inappropriate antidiuretic hormone secretion (SIADH) and advanced renal failure (60). In order to be effective, fluid intake has to be less than urine output and the sum of urine [Na+] and [K+] to serum [Na+] ratio is <0.5 (62) otherwise loop diuretics can be considered to achieve more effective urine dilution. Extreme fluid restriction (<800 cc) if needed can be difficult to achieve and other measures may need to be considered such as the infusion of hypertonic saline with or without loop diuretics. In this case, it is important to stress that hypertonic saline in addition to a loop diuretic is an aggressive maneuver that should be reserved for life-threatening hyponatremia.



2-Urea and Salt Supplementation

Urea has a unique property that makes it an attractive agent to treat hyponatremia. Urea is an ineffective osmole due to urea transporters that facilitate urea diffusion across most cell membranes but has a reflection coefficient of 0.5 across brain capillaries (63). Therefore, administering urea to hyponatremic patients results in rapid resolution of brain edema by its osmotic property across the BBB along with the induction of electrolyte-free water diuresis. Thus, as the urea gradient across the BBB dissipates, it is replaced by an increase in serum sodium concentration that prevents plasma water from reentering the brain (63).

Oral sodium chloride replacement along with fluid restriction with or without a loop diuretic is a common practice used to treated SIADH in the outpatient setting. The relatively constant urine osmolality along with the normal renal sodium handling in SIADH can result in the increase in urine output. The usual dose of sodium chloride used by many practitioners (3 gm daily) is likely insufficient and has been shown to have no advantage over water restriction alone (64). Therefore, a higher dose (4–6 gm daily) with loop diuretic given on twice or thrice a day schedule is likely to be more effective.



3-Saline and Hypertonic Saline

Fluids with different tonicity can be used to treat different types of hyponatremia. The choice of fluid depends on the etiology of hyponatremia as well as its severity and the associated symptoms. Isotonic saline is generally used to treat hypovolemic hyponatremia. Certain cases of severe hyponatremia (serum sodium <120 mEq/l) may require use of hypotonic fluid at some point. Restoration of euvolemia leads to suppression of the non-osmotic vasopressin release thus increasing the chance of overcorrection. This can be identified by monitoring urine osmolality. Hypotonic fluids may be also needed for certain conditions associated with low serum vasopressin levels and dilute urine, such as beer potomania and primary polydipsia. The use of isotonic saline is discouraged in symptomatic isovolemic hyponatremia secondary to SIADH while hypertonic saline (3%) is used instead. Loop diuretics can be added in certain scenarios when decreasing urine osmolality is required.



4- Hypertonic Saline and Desmopressin

Over the past decade, the concurrent administration of hypertonic (3%) saline infusion and serial dosing of desmopressin over 48 h period have gained popularity and became the preferred method of treating severe hyponatremia in many centers. In this approach, hypertonic saline is infused [infusion rate calculated according to the desired [Na+] (60)] to ensure prompt correction of hyponatremia while desmopressin is given to prevent rapid free-water diuresis and the chance of overcorrection should the cause of hyponatremia is removed (65). This method allowed physicians to take control while managing severe hyponatremia especially in certain situations when urine osmolality is expected to rapidly decline predisposing to overcorrection of [Na+]. This approach can be effective in certain conditions when rapid correction of [Na+] is predicted as in hypovolemic hyponatremia and drug induced hyponatremia when urine osmolality can rapidly decline following volume repletion in the former and fading drug effect in the latter (66).



5-Vaptans

The polypeptide vasopressin antagonist was first synthesized in the late eighties of the preceding century (67) but was far from being ready for clinical use due to its poor bioavailability and residual agonistic activity (68). More than 15 years later, conivaptan then tolvaptan were granted the FDA approval to treat euvolemic hyponatremia in the US. Initially, there was a great deal of enthusiasm toward these medications as they were targeting the very mechanism leading to euvolemic hyponatremia but this enthusiasm had dissipated in the following years as a result of several factors including: Too slow to benefit patients with hyponatremia who have severe cerebral symptoms, unfavorable side effects profile, lack of a measurable benefit when compared with alternative treatments of hyponatremia and finally cost (68).





TREATMENT RECOMMENDATIONS

The complex treatment of true hyponatremia relies on preventing cerebral edema and herniation in the acute setting and avoiding the iatrogenic complications that can result from unnecessary treatment or inappropriate correction rate in the chronic cases. Considering the acuity and severity of hyponatremia, clinical manifestations including the existence of severe symptoms like seizure, risk factors of cerebral edema and risks of over-correction as well as risks of ODS are crucial in individualizing the management plan.

In acute hyponatremia, cerebral edema and brain herniation are the most serious clinical manifestations (69, 70). Nonspecific symptoms like nausea, vomiting and headache can rapidly progress to seizure and respiratory arrest. Early detection and rapid management are key factors in preventing this dreaded complication.

Limited literature concluded that 4–6 meq/L increase in serum [Na+] is sufficient to manage brain edema in patients with acute hyponatremia (71). This was supported by earlier literature showing that increasing serum [Na+] in normonatremic patients with cerebral edema by 4–6 meq/L using hypertonic saline resulted in significant decrease in intracranial pressure and reversal of transtentorial herniation (72). Similarly, brain edema in marathon runners can safely be treated in the field with hypertonic saline administered as 100 ml dose that can be repeated in resistant cases prior to hospital transfer (73).

The United States guidelines recommended the use of hypertonic saline in patients with acute (<48 h) hyponatremia with moderate to severe symptoms (74) while the European guidelines based its recommendations to use hypertonic saline on the severity of symptoms rather than the duration (75). It is important to point out that the European guidelines recognized vomiting to be a severe symptom along with respiratory arrest, seizure, somnolence, and coma. Both guidelines agreed to use hypertonic saline boluses with comparable doses ranging between 100 and 150 ml over 10–20 min that can be repeated 2–3 times until resolution of the symptoms (74, 75). This approach is expected to increase serum [Na+] by 4–6 meq/L resulting in the reversal of the cerebral edema. The rate of correction after the initial administration of hypertonic saline need not to be restricted when there is certainty of true acute hyponatremia nor is relowering of the serum sodium concentration required in case of excessive correction (74). However, if there is any uncertainty as to whether the hyponatremia is chronic or acute, the limits for correction of chronic hyponatremia need to be followed as shown below (74). A recent study found both the slow continuous infusion and the rapid intermittent boluses of hypertonic saline in symptomatic hyponatremia patients to be effective and safe with no difference in the overcorrection rate with essentially the same results relative to the rate of correction and resolution of symptoms (76). Therefore, hypertonic saline boluses can be the preferable regimen especially when rapid partial correction is desired in patients with cerebral edema as they limit calculations using correction formulas and chances of overcorrection (77).

Over the preceding few decades, variable recommendations on the rate of correction of chronic hyponatremia were made. The rapid rate of correction was clearly denounced as being the cause of permanent neurological sequalae but recommendations for limits of the increase in [Na+] were variable. In most studies linking the rate of correction of chronic hyponatremia to outcomes, the hourly rate of correction was predicted by equal distribution of the total rise in serum [Na+] over the 48 h duration (74). This rate can be misleading particularly if treatment upon diagnosis was delayed which makes the true rate of rise in serum [Na+] higher than reported (<48 h) or if the treatment was extended for several days with very low starting point accompanied by an uneven hourly rate of correction (74). When the rate of correction is higher in the second day of treatment, the uneven hourly rate of correction will falsely be reported as a relatively low rate of correction although the bulk of serum [Na+] correction happened later in the treatment course at a time when chronicity is more noticeable and carries a higher risk of neurological sequelae (78).

The current guidelines focus on risks of ODS when defining correction rate of chronic hyponatremia (74). In patients at higher risks of ODS [serum [Na+] <105, hypokalemia, alcoholism, advanced liver disease and malnutrition] (74), a minimum daily correction rate of 4–6 meq/L was recommended vs. 4–8 meq/L for low risk patients with a limit of correction set at 8 meq/L and 10–12 meq/L, respectively. This is based on the safety of this rate of correction that was shown in a large study (79). Although lower rates (<4 meq/l) can be associated with excess mortality (80), there is no evidence that exceeding the current recommendation has any benefit.

Overly rapid correction of chronic hyponatremia (>10 meq/L during the first 24 h and >8 meq/L every 24 h thereafter) can have serious consequences if ODS develops (75). It is likely to occur in subjects with rapid restoration in renal diluting capacity as in managing hyponatremia in the setting of volume depletion or drug-induced SIADH. There is lack of randomized controlled trials addressing management of rapid correction of hyponatremia but experts suggested intervention by administering electrolyte free water or injecting desmopressin to re-lower [Na+] (75). A recent large retrospective analysis reported 41% rate of rapid correction of hyponatremia defined as serum sodium increase >8 meq/L at 24 h (81). The risk of rapid correction was associated with younger age, female sex, schizophrenia, low Charlson comorbidity index, lower presentation [Na+] and low urine sodium concentration (<30 meq/L). In this study of 1,490 patients, 0.6% were found to have radiologic evidence of ODS that was noted mainly in subjects with beer potomania and hypokalemia with >8 meq/L rise in [Na+].



CONCLUSIONS

Hyponatremia may be that clinical condition which induces the most iatrogenic harm when the diagnosis or the treatment is wrongly exercised. As discussed in this review, chronic hyponatremia represents a wrong turn that the body takes for a wide variety of reasons. This chronic hyponatremia must induce decreases in brain organic osmolytes lest the patient's brain swell and herniate, a major problem with acute hyponatremia. However, this depletion of organic osmolytes with chronic hyponatremia makes the patient susceptible to demyelination should correction of the hyponatremia be too aggressive. It is critical that acute and chronic hyponatremia be distinguished. Acute hyponatremia with attendant brain swelling must be corrected urgently. Chronic hyponatremia must be corrected at a rate consistent with brain organic osmolyte regulation. To manage hyponatremic patients appropriately, it is critical that physicians actively manage electrolytes over the first 48-h until the patient has regained osmolar stability.



AUTHOR CONTRIBUTIONS

MK wrote the section on acute hyponatremia. IO wrote the section on chronic hyponatremia. JS wrote the section on osmolytes, made the table, and the two figures. ZK wrote the therapy section, introduction, and the conclusions. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by National Institutes of Health grants HL109015, HL071556, and HL105649 to JS.



REFERENCES

 1. Burst V. Etiology and epidemiology of hyponatremia. Front Horm Res. (2019) 52:24–35. doi: 10.1159/000493234

 2. Khan SH, Ahmad N, Ahmad F, Kumar R. Naturally occurring organic osmolytes: from cell physiology to disease prevention. IUBMB Life. (2010) 62:891–5. doi: 10.1002/iub.406

 3. Martemyanov VI, Poddubnaya NY. Regulation ranges and patterns of adaptation to hyponatremia by cells of various organs and tissues of vertebrate animals. Bratisl Lek Listy. (2020) 121:218–24. doi: 10.4149/BLL_2020_033

 4. Lien YH, Shapiro JI, Chan L. Effects of hypernatremia on organic brain osmoles. J Clin Invest. (1990) 85:1427–35. doi: 10.1172/JCI114587

 5. Mojtabavi S, Samadi N, Faramarzi MA. Osmolyte-induced folding and stability of proteins: concepts and characterization. Iran J Pharm Res. (2019) 18(Suppl. 1):13–30. doi: 10.22037/ijpr.2020.112621.13857

 6. Sharma GS, Krishna S, Khan S, Dar TA, Khan KA, Singh LR. Protecting thermodynamic stability of protein: the basic paradigm against stress and unfolded protein response by osmolytes. Int J Biol Macromol. (2021) 177:229–40. doi: 10.1016/j.ijbiomac.2021.02.102

 7. Melton JE, Nattie EE. Intracranial volume adjustments and cerebrospinal fluid pressure in the osmotically swollen rat brain. Am J Physiol. (1984) 246:R533–41. doi: 10.1152/ajpregu.1984.246.4.R533

 8. Melton JE, Nattie EE. Brain and CSF water and ions during dilutional and isosmotic hyponatremia in the rat. Am J Physiol. (1983) 244:R724–32. doi: 10.1152/ajpregu.1983.244.5.R724

 9. Melton JE, Patlak CS, Pettigrew KD, Cserr HF. Volume regulatory loss of Na, Cl, and K from rat brain during acute hyponatremia. Am J Physiol. (1987) 252:F661–9. doi: 10.1152/ajprenal.1987.252.4.F661

 10. Arieff AI, Llach F, Massry SG. Neurological manifestations and morbidity of hyponatremia: correlation with brain water and electrolytes. Medicine. (1976) 55:121–9. doi: 10.1097/00005792-197603000-00002

 11. Arieff AI, Kozniewska E, Roberts TP, Vexler ZS, Ayus JC, Kucharczyk J. Age, gender, and vasopressin affect survival and brain adaptation in rats with metabolic encephalopathy. Am J Physiol. (1995) 268:R1143–52. doi: 10.1152/ajpregu.1995.268.5.R1143

 12. Fraser CL, Kucharczyk J, Arieff AI, Rollin C, Sarnacki P, Norman D. Sex differences result in increased morbidity from hyponatremia in female rats. Am J Physiol. (1989) 256:R880–5. doi: 10.1152/ajpregu.1989.256.4.R880

 13. Arieff AI. Hyponatremia associated with permanent brain damage. Adv Intern Med. (1987) 32:325–44.

 14. Arieff AI. Hyponatremia, convulsions, respiratory arrest, and permanent brain damage after elective surgery in healthy women. N Engl J Med. (1986) 314:1529–35. doi: 10.1056/NEJM198606123142401

 15. Verbalis JG, Drutarosky MD. Adaptation to chronic hypoosmolality in rats. Kidney Int. (1988) 34:351–60. doi: 10.1038/ki.1988.188 

 16. Lien YH, Shapiro JI, Chan L. Study of brain electrolytes and organic osmolytes during correction of chronic hyponatremia. Implications for the pathogenesis of central pontine myelinolysis. J Clin Invest. (1991) 88:303–9. doi: 10.1172/JCI115292

 17. Lien YH. Role of organic osmolytes in myelinolysis. A topographic study in rats after rapid correction of hyponatremia. J Clin Invest. (1995) 95:1579–86. doi: 10.1172/JCI117831

 18. Kleinschmidt-DeMasters BK, Norenberg MD. Rapid correction of hyponatremia causes demyelination: relation to central pontine myelinolysis. Science. (1981) 211:1068–70. doi: 10.1126/science.7466381

 19. Kleinschmidt-Demasters BK, Rojiani AM, Filley CM. Central and extrapontine myelinolysis: then and now. J Neuropathol Exp Neurol. (2006) 65:1–11. doi: 10.1097/01.jnen.0000196131.72302.68

 20. Arieff AI, Guisado R. Effects on the central nervous system of hypernatremic and hyponatremic states. Kidney Int. (1976) 10:104–16. doi: 10.1038/ki.1976.82

 21. Ayus JC, Varon J, Arieff AI. Hyponatremia, cerebral edema, and noncardiogenic pulmonary edema in marathon runners. Ann Intern Med. (2000) 132:711–4. doi: 10.7326/0003-4819-132-9-200005020-00005

 22. Callewart CC, Minchew JT, Kanim LE, Tsai YC, Salehmoghaddam S, Dawson EG, et al. Hyponatremia and syndrome of inappropriate antidiuretic hormone secretion in adult spinal surgery. Spine. (1994) 19:1674–9. doi: 10.1097/00007632-199408000-00004

 23. Cusano AJ, Thies HL, Siegal FP, Dreisbach AW, Maesaka JK. Hyponatremia in patients with acquired immune deficiency syndrome. J Acquir Immune Defic Syndr. (1990) 3:949–53.

 24. Dhawan A, Narang A, Singhi S. Hyponatraemia and the inappropriate ADH syndrome in pneumonia. Ann Trop Paediatr. (1992) 12:455–62. doi: 10.1080/02724936.1992.11747614

 25. Ferreira da Cunha D, Pontes Monteiro J, Modesto dos Santos V, Araújo Oliveira F, Freire de Carvalho da Cunha S. Hyponatremia in acute-phase response syndrome patients in general surgical wards. Am J Nephrol. (2000) 20:37–41. doi: 10.1159/000013553

 26. Abbott NJ, Friedman A. Overview and introduction: the blood–brain barrier in health and disease. Epilepsia. (2012) 53:1–6. doi: 10.1111/j.1528-1167.2012.03696.x

 27. Levick JR, Michel CC. Microvascular fluid exchange and the revised starling principle. Cardiovasc Res. (2010) 87:198–210. doi: 10.1093/cvr/cvq062

 28. Verbalis JG. Brain volume regulation in response to changes in osmolality. Neuroscience. (2010) 168:862–70. doi: 10.1016/j.neuroscience.2010.03.042

 29. Papadopoulos MC, Verkman AS. Aquaporin-4 and brain edema. Pediatr Nephrol. (2007) 22:778–84. doi: 10.1007/s00467-006-0411-0

 30. Pasantes-Morales H, Cruz-Rangel S. Brain volume regulation: osmolytes and aquaporin perspectives. Neuroscience. (2010) 168:871–84. doi: 10.1016/j.neuroscience.2009.11.074

 31. Kirk K. Swelling-activated organic osmolyte channels. J Membr Biol. (1997) 158:1–16. doi: 10.1007/s002329900239

 32. Franco R, Torres-Márquez ME, Pasantes-Morales H. Evidence for two mechanisms of amino acid osmolyte release from hippocampal slices. Pflugers Arch. (2001) 442:791–800. doi: 10.1007/s004240100604

 33. Ayus JC, Wheeler JM, Arieff AI. Postoperative hyponatremic encephalopathy in menstruant women. Ann Intern Med. (1992) 117:891–7. doi: 10.7326/0003-4819-117-11-891

 34. Davis DP, Videen JS, Marino A, Vilke GM, Dunford JV, Van Camp SP, et al. Exercise-associated hyponatremia in marathon runners: a two-year experience. J Emerg Med. (2001) 21:47–57. doi: 10.1016/S0736-4679(01)00320-1

 35. Almond CS, Shin AY, Fortescue EB, Mannix RC, Wypij D, Binstadt BA, et al. Hyponatremia among runners in the Boston Marathon. N Engl J Med. (2005) 352:1550–6. doi: 10.1056/NEJMoa043901

 36. Sun XL, Ding JH, Fan Y, Zhang J, Gao L, Hu G. Aquaporin 4 regulates the effects of ovarian hormones on monoamine neurotransmission. Biochem Biophys Res Commun. (2007) 353:457–62. doi: 10.1016/j.bbrc.2006.12.040

 37. Edwards KM, Burns VE, Ring C, Carroll D. Individual differences in the interleukin-6 response to maximal and submaximal exercise tasks. J Sports Sci. (2006) 24:855–62. doi: 10.1080/02640410500245645

 38. Siegel AJ, Verbalis JG, Clement S, Mendelson JH, Mello NK, Adner M, et al. Hyponatremia in marathon runners due to inappropriate arginine vasopressin secretion. Am J Med. (2007) 120:461.e11-7. doi: 10.1016/j.amjmed.2006.10.027

 39. Waikar SS, Mount DB, Curhan GC. Mortality after hospitalization with mild, moderate, severe hyponatremia. Am J Med. (2009) 122:857–65. doi: 10.1016/j.amjmed.2009.01.027

 40. Giuliani C, Peri A. Effects of hyponatremia on the brain. J Clin Med. (2014) 3:1163–77. doi: 10.3390/jcm3041163

 41. Benvenuti S, Deledda C, Luciani P, Modi G, Bossio A, Giuliani C, et al. Low extracellular sodium causes neuronal distress independently of reduced osmolality in an experimental model of chronic hyponatremia. Neuromolecular Med. (2013) 15:493–503. doi: 10.1007/s12017-013-8235-0

 42. Schrier RW. Does 'asymptomatic hyponatremia' exist? Nat Rev Nephrol. (2010) 6:185. doi: 10.1038/nrneph.2010.21

 43. Fujisawa H, Sugimura Y, Takagi H, Mizoguchi H, Takeuchi H, Izumida H, et al. Chronic hyponatremia causes neurologic and psychologic impairments. J Am Soc Nephrol. (2016) 27:766–80. doi: 10.1681/ASN.2014121196

 44. Kulkarni M, Bhat A. Asymptomatic hyponatremia: is it time to abandon this entity? J Nephropharmacol. (2015) 4:78–80

 45. Gankam Kengne F, Decaux G. Hyponatremia and the brain. Kidney Int Rep. (2018) 3:24–35. doi: 10.1016/j.ekir.2017.08.015

 46. Renneboog B, Musch W, Vandemergel X, Manto MU, Decaux G. Mild chronic hyponatremia is associated with falls, unsteadiness, attention deficits. Am J Med. (2006) 119:71.e1–8. doi: 10.1016/j.amjmed.2005.09.026

 47. Boyer S, Gayot C, Bimou C, Mergans T, Kajeu P, Castelli M, et al. Prevalence of mild hyponatremia and its association with falls in older adults admitted to an emergency geriatric medicine unit (the MUPA unit). BMC Geriatr. (2019) 19:265. doi: 10.1186/s12877-019-1282-0

 48. Ayus JC, Negri AL, Kalantar-Zadeh K, Moritz ML. Is chronic hyponatremia a novel risk factor for hip fracture in the elderly? Nephrol Dial Transplant. (2012) 27:3725–31. doi: 10.1093/ndt/gfs412

 49. Verbalis JG, Barsony J, Sugimura Y, Tian Y, Adams DJ, Carter EA, et al. Hyponatremia-induced osteoporosis. J Bone Miner Res. (2010) 25:554–63. doi: 10.1359/jbmr.090827

 50. Selmer C, Madsen JC, Torp-Pedersen C, Gislason GH, Faber J. Hyponatremia, all-cause mortality, and risk of cancer diagnoses in the primary care setting: a large population study. Eur J Intern Med. (2016) 36:36–43. doi: 10.1016/j.ejim.2016.07.028

 51. McGreal K, Budhiraja P, Jain N, Yu AS. Current challenges in the evaluation and management of hyponatremia. Kidney Dis. (2016) 2:56–63. doi: 10.1159/000446267

 52. Upadhyay A, Jaber BL, Madias NE. Epidemiology of hyponatremia. Semin Nephrol. (2009) 29:227–38. doi: 10.1016/j.semnephrol.2009.03.004

 53. Adrogué HJ. Consequences of inadequate management of hyponatremia. Am J Nephrol. (2005) 25:240–9. doi: 10.1159/000086019

 54. Sterns RH. Disorders of plasma sodium–causes, consequences, and correction. N Engl J Med. (2015) 372:55–65. doi: 10.1056/NEJMra1404489

 55. Verbalis JG, Gullans SR. Rapid correction of hyponatremia produces differential effects on brain osmolyte and electrolyte reaccumulation in rats. Brain Res. (1993) 606:19–27. doi: 10.1016/0006-8993(93)91564-9

 56. Sterns RH, Silver SM. Brain volume regulation in response to hypo-osmolality and its correction. Am J Med. (2006) 119(7 Suppl 1):S12–6. doi: 10.1016/j.amjmed.2006.05.003

 57. Baker EA, Tian Y, Adler S, Verbalis JG. Blood-brain barrier disruption and complement activation in the brain following rapid correction of chronic hyponatremia. Exp Neurol. (2000) 165:221–30. doi: 10.1006/exnr.2000.7474

 58. Yuridullah R, Kumar V, Nanavati S, Singhal M, Chandran C. Clinical resolution of osmotic demyelination syndrome following overcorrection of severe hyponatremia. Case Rep Nephrol. (2019) 2019:1757656. doi: 10.1155/2019/1757656

 59. Lien YH, Shapiro JI. Hyponatremia: clinical diagnosis and management. Am J Med. (2007) 120:653–8. doi: 10.1016/j.amjmed.2006.09.031

 60. Adrogué HJ, Madias NE. Hyponatremia. N Engl J Med. (2000) 342:1581–9. doi: 10.1056/NEJM200005253422107

 61. Edelman IS Leibman J O'meara MP Birkenfeld LW. Interrelations between serum sodium concentration, serum osmolarity and total exchangeable sodium, total exchangeable potassium and total body water. J Clin Invest. (1958) 37:1236–56. doi: 10.1172/JCI103712

 62. Furst H, Hallows KR, Post J, Chen S, Kotzker W, Goldfarb S, et al. The urine/plasma electrolyte ratio: a predictive guide to water restriction. Am J Med Sci. (2000) 319:240–4. doi: 10.1097/00000441-200004000-00007 

 63. Sterns RH, Silver SM, Hix JK. Urea for hyponatremia? Kidney Int. (2015) 87:268–70. doi: 10.1038/ki.2014.320

 64. Krisanapan P, Vongsanim S, Pin-On P, Ruengorn C, Noppakun K. Efficacy of furosemide, oral sodium chloride, and fluid restriction for treatment of syndrome of inappropriate antidiuresis (SIAD): an open-label randomized controlled study (The EFFUSE-FLUID Trial). Am J Kidney Dis. (2020) 76:203–12. doi: 10.1053/j.ajkd.2019.11.012

 65. Sood L, Sterns RH, Hix JK, Silver SM, Chen L. Hypertonic saline and desmopressin: a simple strategy for safe correction of severe hyponatremia. Am J Kidney Dis. (2013) 61:571–8. doi: 10.1053/j.ajkd.2012.11.032

 66. Tzamaloukas AH, Shapiro JI, Raj DS, Murata GH, Glew RH, Malhotra D. Management of severe hyponatremia: infusion of hypertonic saline and desmopressin or infusion of vasopressin inhibitors? Am J Med Sci. (2014) 348:432–9. doi: 10.1097/MAJ.0000000000000331

 67. Manning M, Sawyer WH. Discovery, development, and some uses of vasopressin and oxytocin antagonists. J Lab Clin Med. (1989) 114:617–32.

 68. Berl T. Vasopressin antagonists. N Engl J Med. (2015) 373:981. doi: 10.1056/NEJMra1403672

 69. Sterns RH, Hix JK, Silver S. Treatment of hyponatremia. Curr Opin Nephrol Hypertens. (2010) 19:493–8. doi: 10.1097/MNH.0b013e32833bfa64

 70. Sjøblom E, Højer J, Ludwigs U, Pirskanen R. Fatal hyponatraemic brain oedema due to common gastroenteritis with accidental water intoxication. Intensive Care Med. (1997) 23:348–50. doi: 10.1007/s001340050340

 71. Sterns RH, Nigwekar SU, Hix JK. The treatment of hyponatremia. Semin Nephrol. (2009) 29:282–99. doi: 10.1016/j.semnephrol.2009.03.002

 72. Koenig MA, Bryan M, Lewin JL, Mirski MA, Geocadin RG, Stevens RD. Reversal of transtentorial herniation with hypertonic saline. Neurology. (2008) 70:1023–9. doi: 10.1212/01.wnl.0000304042.05557.60

 73. Hew-Butler T, Almond C, Ayus JC, Dugas J, Meeuwisse W, Noakes T, et al. Consensus statement of the 1st international exercise-associated hyponatremia consensus development conference, Cape Town, South Africa 2005. Clin J Sport Med. (2005) 15:208–13. doi: 10.1097/01.jsm.0000174702.23983.41

 74. Verbalis JG, Goldsmith SR, Greenberg A, Korzelius C, Schrier RW, Sterns RH, et al. Diagnosis, evaluation, and treatment of hyponatremia: expert panel recommendations. Am J Med. (2013) 126(10 Suppl 1):S1–42. doi: 10.1016/j.amjmed.2013.07.006

 75. Spasovski G, Vanholder R, Allolio B, Annane D, Ball S, Bichet D, et al. Clinical practice guideline on diagnosis and treatment of hyponatraemia. Nephrol Dial Transplant. (2014) 29(Suppl. 2):i1–39. doi: 10.1093/ndt/gfu040

 76. Baek SH, Jo YH, Ahn S, Medina-Liabres K, Oh YK, Lee JB, et al. Risk of overcorrection in rapid intermittent bolus vs. slow continuous infusion therapies of hypertonic saline for patients with symptomatic hyponatremia. The SALSA randomized clinical trial. JAMA Intern Med. (2021) 181:81–92. doi: 10.1001/jamainternmed.2020.5519

 77. Hoorn EJ, Zietse R. Diagnosis and treatment of hyponatremia: compilation of the guidelines. J Am Soc Nephrol. (2017) 28:1340–9. doi: 10.1681/ASN.2016101139

 78. Odier C, Nguyen DK, Panisset M. Central pontine and extrapontine myelinolysis: from epileptic and other manifestations to cognitive prognosis. J Neurol. (2010) 257:1176–80. doi: 10.1007/s00415-010-5486-7

 79. Sterns RH. Severe symptomatic hyponatremia: treatment and outcome. A study of 64 cases. Ann Intern Med. (1987) 107:656–64. doi: 10.7326/0003-4819-107-5-656

 80. Ayus JC, Arieff AI. Chronic hyponatremic encephalopathy in postmenopausal women: association of therapies with morbidity and mortality. JAMA. (1999) 281:2299–304. doi: 10.1001/jama.281.24.2299

 81. George JC, Zafar W, Bucaloiu ID, Chang AR. Risk factors and outcomes of rapid correction of severe hyponatremia. Clin J Am Soc Nephrol. (2018) 13:984–92. doi: 10.2215/CJN.13061117

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor declared a past-co-authorship with JS and ZK.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Kheetan, Ogu, Shapiro and Khitan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_2.gif
fresses s apet] L L LE L SR ]}






OPS/images/math_3.gif





OPS/images/fmed-08-693738-t001.jpg
Chemical clas

Polyols
Amino acids
Methylamines
Misc

Examples

Sorbitol, myoinositol
Taurine, proline, glutamate
Betaine, Glycerophosporylcholine
Urea

Rapidity of regulation

Medium
Rapid
Slow
Very rapid





OPS/images/math_1.gif
140 — Serum [Na™’
140

FWE=TBW x





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Acute and Chronic Hyponatremia



		Introduction



		Organic Osmolytes



		Brain Injury With Acute Hyponatremia



		Chronic Hyponatremia



		Consequences of Overly Rapid Correction



		Treatment of Hyponatremia



		Using Formulas to Guide Therapy and Predict Correction Rate



		Strategies Used in the Therapy of Hyponatremia



		1-Water Restriction



		2-Urea and Salt Supplementation



		3-Saline and Hypertonic Saline



		4- Hypertonic Saline and Desmopressin



		5-Vaptans













		Treatment Recommendations



		Conclusions



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
a‘ frontiers
in Medicine

Acute and Chronic Hyponatremia





OPS/images/fmed-08-693738-g001.gif
Conteol Chronic Hypernatremia  Chronic Hyponatremia.

R

‘Beain Concentration (mmall)





OPS/images/fmed-08-693738-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





