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Abstract
Hyponatremia is frequently seen in patients with ascites secondary to advanced cirrhosis and portal hypertension. The development of ascites in patients with cirrhosis is multi-factorial. Portal hypertension and the associated systemic vasodilation lead to activation of the sodium-retaining neurohumoral mechanisms which include the renin-angiotensin-aldosterone system, sympathetic nervous system and antidiuretic hormone (ADH). The net effect is the avid retention of sodium and water to compensate for the low effective circulatory volume resulting in the development of ascites. Although not apparent in the early stages of cirrhosis, the progression of cirrhosis and ascites leads to impairment of the kidneys to eliminate solute- free water. This leads to additional compensatory mechanisms including non-osmotic secretion of ADH, also known as arginine vasopressin, further worsening excess water retention and thereby hyponatremia. Hyponatremia is associated with increased morbidity and mortality in patients with cirrhosis, and is an important prognostic marker both before and after liver transplant. The management of hyponatremia in this setting is a challenge as conventional therapy for hyponatremia including fluid restriction and loop diuretics are frequently inefficacious. In this review, we discuss the pathophysiology and various treatment modalities, including selective vasopressin receptor antagonists, for the management of hyponatremia in patients with cirrhosis.
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Core tip: Hyponatremia is the most common electrolyte abnormality observed in hospitalized patients and is a common finding in patients with advanced cirrhosis. The management of hyponatremia in cirrhosis is challenging as conventional therapy for hyponatremia including fluid restriction and loop diuretics are frequently inefficacious. Vaptans, drugs that selectively antagonizes the effects of arginine vasopressin on the V2 receptors in the kidney tubules, represent a logical step in the treatment of hyponatremia. The currently available vaptans, however, are not approved for use in patients with cirrhosis due to the increased risk for hepatic failure and mortality.
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INTRODUCTION
Hyponatremia is the most common electrolyte ab​normality observed in hospitalized patients[1]. Hypo​natremia in cirrhosis is currently defined as a serum sodium level of less than 130 meq/L[2]. It has been suggested that the prevalence of a serum sodium concentration less than 135, 130 and 120 meq/L in patients with cirrhosis and ascites is 49.4%, 21.6% and 1.2%, respectively[3]. Patients with cirrhosis may develop hyponatremia due to either hypovolemia (example: loss of extracellular fluid due to diuretics) or hypervolemia (expanded extracellular fluid volume due to the inability of the kidneys to excrete solute-free water proportionate to the amount of free water ingested). In this review, we will discuss the pathogenesis, prognostic value and management of dilutional hyponatremia (hypervolemic hyponatremia) in patients with cirrhosis and portal hypertension.
PATHOGENESIS

Systemic vasodilation

Systemic vasodilation and arterial underfilling play a major role in development of hyponatremia in patients with cirrhosis and portal hypertension (Figure 1). A hyperdynamic circulation, characterized by an increased cardiac output, markedly reduced systemic vascular resistance and reduced mean arterial pressure, is a common cardiovascular physiological manifestation of patients with cirrhosis and advanced portal hypertension[4,5]. The marked reduction in vascular resistance predominantly involves the splanchnic arterial circulation[6]. The opening of portasystemic collaterals[5] and the increased synthesis of circulating vasodilators, including nitric oxide (NO), glucagon, vasoactive intestinal peptide, substance P, platelet activating factor, prostaglandins and pro​stacyclins play a crucial role in the pathogenesis of splanchnic vasodilation[7] (Figure 2). The accumulating circumstantial evidence favors a key role for NO in the pathogenesis of splanchnic vasodilation in patients with advanced cirrhosis and portal hypertension[8-10]. The activation of nitric oxide synthase in the endothelial cells is multi-factorial, which include mechanical stimuli due to ‘shear stress’, vascular endothelial growth factors, tumor necrosis factor alpha, and more importantly endotoxins or bacterial DNA[11,12] that are less efficiently cleared from the gastrointestinal tract due to portal systemic shunting and defective reticuloendothelial cell function in cirrhosis.

It has been suggested that endotoxemia may be a causative factor for increased systemic prostacyclin synthesis, and could be reversed to some extent by antibacterial agents[13]. It is possible that when one of the vasoactive mediators, such as NO or prostacyclin, is inhibited, other vasoactive pathways such as the angiotensin-Ⅱ, norepinephrine, vasopressin and the augmented sympathetic tone, are up-regulated thereby preventing the correction of the splanchnic vasodilation. The complex relationship among these vasoactive systems implies that no one factor is likely to be solely responsible for the splanchnic vasodilation seen in patients with portal hypertension. This may explain the difficulty in developing pharmacological agents to counteract splanchnic vasodilation.

Water balance and role of antidiuretic hormone (also known arginine vasopressin)

The total body water and osmolality are maintained within normal limits in such a way that an increase in water intake (normally 1.5-3 L/d; may vary from 0.5-20 L/d under extreme conditions) is followed by an increase in renal solute-free water excretion and a decrease in water intake is ensued by a decrease in free water excretion. The serum osmolality (and hence serum sodium) is tightly regulated primarily at the level of hypothalamus via the release of antidiuretic hormone (ADH). A rise or fall in serum osmolality is accompanied by a corresponding increase or decrease of ADH secretion. Under normal physiologic conditions, the kidneys are in a state of antidiuresis with a 24-h urine osmolality higher than plasma osmolality[14].

The collecting duct has minimal water permeability under normal conditions, but permeability increases when ADH is released in response to hyperosmolality and hypovolemia. The enhanced binding of vasopressin to the V2 receptors on the basolateral membrane of the cells lining the renal collecting ducts leads to production of cyclic AMP and subsequent activation of protein kinase A. This in turn phosphorylates microtubular subunits that aggregate to form specific water channel, aquaporin-2 (AQP-2), that are translocated from the cytoplasmic vesicles to the apical plasma membrane. This process allows the reabsorption of large volumes of water from the collecting duct, which leads to an increase in body water content and hypervolemic hyponatremia[15-20] (Figure 3). Under physiologic conditions, when serum osmolality increases, ADH secretion increases, aquaporin channels in the renal collecting duct are activated, resulting in water reabsorption. A fall in serum osmolality leads to inactivation of the renal aquaporin channels and excretion of dilute urine to maintain the volume status and serum osmolality. The rapid adaptation of the free water excretion depends on the presence of intact osmoreceptors in the anterior hypothalamus, the release of ADH and the appropriate interaction between the ADH and AQP-2.

ADH is a polypeptide hormone that is synthesized in the supraoptic and paraventricular nuclei of the hypothalamus and stored in the posterior pituitary gland. Increased plasma osmolality and hypovolemia are the principal physiological stimuli for vasopressin secretion. Thus both osmotic and non-osmotic stimulations regu​late ADH release. The osmotic pathway is mediated via osmoreceptors located in the anterior hypothalamus close to the supraoptic nuclei. These receptors sense the intracellular water content in the neurons (by their swelling and shrinking) and respond linearly to the changes in plasma osmolality[21]. The major non-osmotic pathway for ADH release involves the autonomic nervous system which is mediated via the baroreceptors located in the atria, ventricle, aortic arch, and carotid sinus. These baroreceptors communicate to the hypothalamus via parasympathetic pathways and cause a release of ADH in response to hypovolemia. Please refer to Table 1 for the details of vasopressin receptor subtypes.

Non-osmotic stimulation of renin-angiotensin-aldosterone system, sympathetic nervous system and ADH

The systemic/splanchnic vasodilation and arterial under​filling in patients with cirrhosis and portal hypertension lead to a decrease in the effective circulatory volume and a reduction in stretch at the carotid and renal baroreceptors. In order to restore the effective circulatory volume, the sodium-retaining neurohumoral mechanisms, such as the renin-angiotensin-aldosterone system, sympathetic nervous system and ADH, are activated leading to maximal retention of sodium and water.

Water and sodium retention secondary to impaired renal elimination of solute-free water clearly has been shown to occur in decompensated cirrhotic patients with ascites and edema. This impairment could be subclinical and only detected by a water loading test in compensated cirrhosis[22-26]. The role that ADH plays in mediating this abnormal water excretion was studied by Bichet et al[27] who measured plasma ADH concentrations before and after the water load test in cirrhotic patients with and without ascites. There was a significant difference in the inability to suppress ADH after the water load test in decompensated cirrhotic patients with ascites as compared to compensated cirrhotic patients, despite the presence of a low serum osmolality in decompensated cirrhotic patients.

The relative role of osmotic and non-osmotic path​ways for the hypersecretion of ADH in patients with cirrhosis has been debated. Most cirrhotic patients have low serum osmolality and sodium levels, and one would expect to see suppression of ADH release if the stimulation was primarily from the osmoreceptors[2]. The ADH, norepinephrine, and aldosterone levels as well as renin activity were significantly higher in cirrhotic patients with ascites after the water load test implying that there was activation of the sodium-retaining neurohumoral mechanisms. It appears that the decrease in systemic vascular resistance leads to effective arterial underfilling, which causes baroreceptor mediated nonosmotic stimulation of ADH and other vasoconstricting systems leading to the activation of sodium retaining neurohumoral mechanisms in order to restore perfusion pressure[6]. These findings may suggest that the hypo-osmotic stimuli to suppress ADH release are overridden by the nonosmotic stimuli secondary to arterial under filling[28]. Thus in order to prevent impending vascular collapse from effective circulatory volume depletion, the body sacrifices the osmolar homeostasis and releases ADH in response to the non-osmotic stimulus of the endogenous vasoconstrictor agents. The net result is enhanced sodium and water retention to correct the depletion of circulatory volume and this occurs despite the presence of increased total body extracellular sodium, plasma volume, and cardiac output. As suppression of ADH release is required to excrete a water load, the inability of kidneys to excrete water in the presence of the non-osmotically triggered ADH release leads to the development of a dilutional or hypervolemic hyponatremia. Thus the hyponatremia in this patient population is purely dilutional and does not reflect a sodium deficient state.

Many other factors including elevated atrial natriuretic peptide[29], decreased renal production of PGE-2[30-34] and decreased metabolism of ADH have been implicated in the development of hyponatremia in cirrhosis[35,36].

Prognostic value of hyponatremia in cirrhosis

In patients without cirrhosis, hyponatremia depending on its severity may lead to a range of symptoms including mild cognitive dysfunction, falls, seizures, coma and very rarely death[37]. Hyponatremia in cirrhosis is a chronic process and this allows the brain to adapt to the hypo-osmolality of the extracellular fluid. The most important factor in determining the severity of neurologic symptoms in patients with hyponatremia is the acuity of fall of serum sodium rather than the absolute reduction of serum sodium. Hence patients with cirrhosis and hyponatremia are less likely to have severe neurologic symptoms[38]. However, hyponatremia may pose a second osmotic hit to cerebral edema and astrocyte swelling, in addition to the astrocyte dysfunction caused by increased intracellular glutamine concentration from ammonia metabolism, thereby precipitating hepatic encephalopathy[38].

The quality of life is poor in patients with cirrhosis and hyponatremia due to the requirement for strict fluid restriction. Hyponatremia has been found to be an independent predictive factor of the impaired health related quality life[39] as well as hepatic encephalopathy[40]. Numerous studies have shown that the severity of hyponatremia and ascites is a major determinant of disease severity and prognosis in cirrhosis[26,41-48]. In one study, the serum sodium level before the onset of spontaneous bacterial peritonitis (SBP) was an independent predictor of renal failure triggered by SBP[49]. It has also been suggested that serum sodium is an earlier and more sensitive test than serum creatinine to detect circulatory dysfunction resulting in renal failure and/or death[47]. Although patients with hyponatremia are at a very high risk for developing hepatorenal syndrome, low serum sodium in hepatorenal syndrome is not only due to high ADH levels but also due to decreased GFR and proximal sodium reabsorption[38].

Patients with hyponatremia were found to have a higher risk of early death before transplantation independent of the severity of cirrhosis as assessed by the MELD scores[48]. Hence, some investigators have advocated an expedited liver transplantation under a ‘sickest first’ model in cirrhotic patients with MELD scores below 21, persistent ascites and hyponatremia[48]. It has been suggested that serum sodium could be incorporated into the MELD score[48], and this may provide a more accurate survival prediction than MELD alone[50]. Other studies have also identified hyponatremia to be a risk factor for increased morbidity and mortality after liver transplantation[51,52].

TREATMENT

Management of hyponatremia in the presence mode​rate to severe ascites is challenging for both physicians and patients. Hypovolemic hyponatremia should be treated with fluid resuscitation to restore the circulatory volume and withdrawal of the precipitating factor (usually diuretic therapy). On the other hand, hypervolemic/dilutional hyponatremia in cirrhosis is ideally managed with fluid restriction and measures to enhance the renal solute-free water excretion. The majority of patients find it difficult to adhere to fluid restriction, and discontinuation of diuretics may further worsen ascites and hydrothorax requiring repeated paracentesis or thoracocentesis.

Rapid correction (> 9 mEq/L in 24 h) of serum sodium may lead to serious neurological complications such as central pontine myelinolysis or seizures. Hyponatremia could pose significant risk to patients if they were to undergo liver transplantation where it is not always possible to maintain fluctuations in serum sodium levels to less than 10 mEq/L over 24 h. However, treatment for hyponatremia is indicated when the serum sodium is less than 120 meq/L or the patient has neurologic symptoms that might be due to hyponatremia. The general principles of the treatment of hyponatremia are broadly outlined below.

Water restriction

The mainstay of therapy of hyponatremia in patients with cirrhosis is fluid restriction (1-1.5 L/d) to a level sufficient to induce a negative water balance. Fluid restriction should be considered if the patient has neurologic symptoms that might be due to hyponatremia or when the serum sodium is less than 120 mEq/L, which occurs in about 1% of patients with cirrhosis[3]. There is no role for routine free water restriction in patients with mild, asymptomatic hyponatremia. To be effective, fluid intake should be less than urine output to account for the endogenous production of water by the body. In the authors’ experience, compliance with fluid restriction is poor in these patients even in the hospital setting and often difficult to achieve. Patients on strict fluid restriction may be encouraged to suck on ice chips or lollipops to quench the thirst. A good indicator of adequate water restriction is the change in plasma sodium concentration within the first 24-48 h. If there is no increase in the plasma sodium levels within the first 48-72 h, either the patient is not following the water restriction or a stricter water restriction is needed. Sodium restriction (2 g/d) should be continued in addition to fluid restriction as these patients also have ascites.

Hypertonic saline

Hypertonic saline is indicated only in symptomatic patients who are intolerant or unresponsive to free water restriction, those with profound hyponatremia (< 110 mEq/L), or within hours of liver transplantation to prevent the likelihood for an emergent rapid correction in the operating room when the serum sodium levels are somewhat higher (between 120-130 mEq/L). Extreme care should be exercised not to overcorrect the serum sodium levels above 9 mEq/L per 24 h to avoid the risks of central pontine myelinolysis, quadriplegia, coma or death. As hypertonic sodium chloride infusion leads to increasing ascites and edema, it is usually not recommended for the treatment of hypervolemic hyponatremia, except in cases of profound hyponatremia as discussed above.

Correction of hypokalemia

Correction of hypokalemia also appears to be important in patients with cirrhosis and hyponatremia for two reasons: hypokalemia promotes the development of hepatic encephalopathy; correction of hypokalemia tends to raise serum sodium concentration. Hypokalemia predisposes to hepatic encephalopathy by at least two mechanisms: hypokalemia increases renal ammonia synthesis; the concomitant alkalemia increases the fraction of unionized ammonia in the plasma. As potassium is as osmotically active as sodium, supp​lementation of potassium can raise serum sodium and osmolality in patients with hyponatremia[53].

Albumin infusion

Intravenous albumin infusion might be useful in the short term, although long term use has not been studied and this approach is expensive and impractical[54].

Pharmacological therapy

The objectives of pharmacological therapy are to increase solute-free water excretion. There have been many attempts to achieve this goal with varying success rates, and this is a field in evolution. The target of pharmacological therapy has focused on the release or action of ADH [arginine vasopressin (AVP)]. The potential options include use of -opioid agonists to block the central release of ADH, blockade of the V2 receptor of ADH with specific antagonists; and finally alteration of the effect of ADH at the level of the collecting duct in the kidney. Democycline could block the action of ADH in the collecting ducts, but could cause renal failure and hence is not recommended.  Therefore only -opioid agonists and V2 receptor antagonists have been studied in both animals and humans.

-opioid agonists

-opioid agonists inhibit ADH release from the neu​rohypophysis, and have been shown to exert an aquaretic effect in animal models and in patients with cirrhosis. In the only human study, niravoline (0.5-2 mg, iv) was given to 18 patients with cirrhosis[55,56]. There was a marked aquaretic effect between 1 and 2 h after administration with a return to basal values at 24 h[57]. The aquaretic effect was not sustained, and moreover, it was associated with major neurological side effects including personality disorders and mild confusion. Hence, no large scale studies have been performed with -opioid agonists.

Vasopressin receptor antagonists or vaptans

The biologic effects of AVP (ADH) are mediated via specific receptors called V1a, V1b, and V2 receptors as discussed earlier in this review. Anti-diuretic properties of ADH are mediated primarily through the V2 receptors, which are found exclusively in the renal collecting ducts. Activation of V2 receptors is responsible for water reabsorption. The development of V2 receptor antagonists was therefore a logical step in the management of fluid overload and hyponatremia as effective V2 receptor antagonists could theoretically produce pure aquaresis (Figure 3).

The initial studies on vaptans in cirrhosis were done on patients with cirrhosis without hyponatremia[13,58]. These studies demonstrated the efficacy of oral vaptans in increasing the urine volume and solute-free water excretion resulting in a negative fluid balance. The subsequent studies with vaptans have consistently demonstrated their efficacy in improving serum sodium levels in the short term[59-64], but with increased risk for mortality in patients with cirrhosis, as explained below.

Tolvaptan, satavaptan and lixivaptan are all oral agents which selectively block the V2 receptor. The intravenous agent, conivaptan, which blocks both V2 and V1 receptors may lead to further reduction in blood pressure, increase the risk of variceal bleeding via the V1a receptor blockade[65]. Tolvaptan is a selective non-peptide V2 receptor antagonist and when this drug was added to standard diuretic therapy for periods ranging from 25 to 60 d in patients with heart failure[61,63], treated patients had significantly lower weight and improvement in edema as well as serum sodium levels compared to those who received placebo. This drug was initially approved by the United States Food and Drug Administration (FDA) for use in hyponatremia based on a randomized controlled trial involving a predominant patient population comprising of those with congestive heart failure. Sixty three patients with cirrhosis with a CTP score less than 10 and serum sodium less than 120 were also included in the above study[61]. However, based on the findings of multicenter trials evaluating the effect of tolvaptan on the progression of disease in polycystic kidney disease[66,67], the FDA determined that tolvaptan should not be used in patients with liver disease or cirrhosis due to the risks for liver failure and death. Similarly, a one year follow-up study on patients on satavaptan showed increased mortality compared to placebo, resulting in withdrawal of the drug by the pharmaceutical company[68].

Domeclocycline, another ADH antagonist, which increased free water excretion and thus corrects hyponatremia, should not be used in cirrhosis due to its nephrotoxic potential[69]. Since most patients with hyponatremia have advanced cirrhosis, the side-effect profile of single dose-finding studies must be interpreted with caution, as in the case of the preliminary studies on vaptans, because adverse events are more likely to occur after long term administration in an unselected population with greater co-morbidities.

Terlipressin, by virtue of its strong effect on vasopressin V1 receptor, has therapeutic potential in portal hypertensive bleeding as well as hepatorenal syndrome. Terlipressin is also a partial agonist of renal vasopressin V2 receptors and acute reduction in serum sodium level has been documented in patients who are initiated on terlipressin[70]. The resultant hyponatremia, although severe in some patients, is usually reversible after withdrawal of terlipressin therapy. Hence serum sodium levels should be monitored while patients are on therapy with terlipressin.

CONCLUSION
Hyponatremia is very common in patients with cirrhosis and the routine correction of asymptomatic hyponatremia is not recommended. The main indications for correction of hyponatremia are presence of neurologic symptoms that might be due to hyponatremia and serum sodium less than 120 mEq/L. The only exception is in patients who are likely to receive liver transplantation within hours when their serum sodium concentration is less than 130 mEq/L to avoid rapid correction in the operating room as it may be associated with serious neurological complications. Correction of hypokalemia and fluid restriction are the mainstays of treatment. Administration of hypertonic saline may be considered in a monitored setting to correct profound hyponatremia (serum sodium < 110 mEq/L) and in the immediate pre-liver transplant period to prevent the risk of osmotic demyelination syndrome. No vasopressin receptor antagonist is currently approved by the FDA for treatment of hyponatremia in patients with liver disease or cirrhosis. The availability of selective and efficacious oral V2 receptor antagonists, without major side effects, will be a major development for the management of hyponatremia.
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Figure 1  Proposed mechanisms for the development of hyponatremia. SNS: Sympathetic nervous system; RAAS: Renin-angiotensin-aldosterone system; NO: Nitric oxide; RES: Reticuloendothelial system; PG: Prostaglandin; AVP: Arginine vasopressin; ADH: Antidiuretic hormone.
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Figure 2  Mechanisms involved in the splanchnic vasodilation in cirrhosis. ADH: Antidiuretic hormone.
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Figure 3  Mechanism of action of vaptans. AVP: Arginine vasopressin; AQP2: Aquaporin-2; AQP3: Aquaporin-3; AQP4: Aquaporin-4.
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Table 1  Vasopressin receptors


Receptor


�
Location


�
Function


�
�
V1a


�
Vascular smooth muscle


�
Vasoconstriction and myocardial hypertrophy


�
�
�
Platelets


�
Platelet aggregation


�
�
�
Hepatocytes


�
Glycogenolysis


�
�
�
Myometrium


�
Uterine contractions


�
�
V1b


�
Anterior pituitary


�
ACTH release


�
�
V2


�
Basolateral membrane in collecting tubule


�
Water reabsorption


�
�
�
Vascular endothelium


�
Release of vonWillebrand factor


�
�
�
�
and factor Ⅷ


�
�
�
Vascular smooth muscle


�
Vasodilation


�
�









