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Abstract
Background
Bipolar disorder is a severe psychiatric illness with poor prognosis and problematic and suboptimal treatments. Understanding the pathoetiologic mechanisms may improve treatment and outcomes.

Discussion
Dysregulation of cationic homeostasis is the most reproducible aspect of bipolar pathophysiology. Correction of ionic balance is the universal mechanism of action of all mood stabilizing medications. Recent discoveries of the role of endogenous sodium pump modulators (which include ‘endogenous ouabain’) in regulation of sodium and potassium distribution, inflammation, and activation of key cellular second messenger systems that are important in cell survival, and the demonstration that these stress-responsive chemicals may be dysregulated in bipolar patients, suggest that these compounds may be candidates for the coupling of environmental stressors and illness onset. Specifically, individuals with bipolar disorder appear to be unable to upregulate endogenous ouabain under conditions that require it, and therefore may experience a relative deficiency of this important regulatory hormone. In the absence of elevated endogenous ouabain, neurons are unable to maintain their normal resting potential, become relatively depolarized, and are then susceptible to inappropriate activation. Furthermore, sodium pump activity appears to be necessary to prevent inflammatory signals within the central nervous system. Nearly all available data currently support this model, but additional studies are required to solidify the role of this system.

Conclusion
Endogenous ouabain dysregulation appears to be a reasonable candidate for understanding the pathophysiology of bipolar disorder.
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Background
Bipolar disorder is a severe psychiatric illness that manifests as extreme variations in mood and energy, usually labelled as mania and depression, interspersed over an euthymic or dysthymic baseline (Ketter and Calabrese 2002). The disorder afflicts approximately 1% of people (Clemente et al. (2015); Grande et al. 2016), with documented suboptimal treatments and a host of undesirable outcomes related to both the disease and its treatment (Cipriani et al. 2017; Dome et al. 2019). Despite over 60 years of directed effort, the pathoetiology of the illness remains unknown (Grande et al. 2016). Nonetheless, multiple clues have emerged that continue to inform ongoing research. The illness is viewed as multifactorial with elements of development and neuroplasticity, inflammation, and aberrant modulation of brain function and circuitry, that are mediated by gene and environment interaction through multiple inherited genes and multiple altered epigenetic changes (Grande et al. 2016; Belvederi Murri et al. 2016; Nestler et al. 2016; Takaesu 2018). Due to the absence of a centralized unifying model, pathophysiologic research continues in a fragmented, siloed fashion. A proposed mechanism of pathophysiology that incorporates much of the translational and clinical data, might help focus and thus accelerate research efforts.
Among the most reproducible findings in bipolar illness has been dysregulation of control of electrically important ions: sodium (Na+), potassium (K+), hydrogen (proton, H+), and calcium (Ca2+) (El-Mallakh et al. 1076). Ion regulation spans across all of the proposed mechanisms of pathogenesis of abnormal moods in bipolar illness and across all successful treatment options. For example, in an analysis of susceptibility loci, Askland found that approximately 74% of known loci involve genes related to ion regulation, or what she refers to as neuroelectrical genes (Askland 2006). By comparison, genes involved in any neurotransmitter pathway account for only about 58% of the susceptibility loci, and the monoamines account to only 31% (10). A similar conclusion is reached when genome wide association studies (GWAS) are explored (Judy and Zandi 2013). The only animal models of bipolar illness that meet all validity criteria create ion transport abnormalities (Mack et al. 2019; Valvassori et al. 2019). Additionally, nearly all interventions that are effective in mania or mood stabilization reduce intracellular sodium either directly or indirectly (El-Mallakh and Huff 2001; El-Mallakh and Paskitti 2001; Roberts et al. 2010). A model in which a primary ion abnormality can produce the symptoms of bipolar illness has been proposed (El-Mallakh and Wyatt 1995) but the question remains how are environmental stressors that may lead to mood recurrence translated into pathophysiologic abnormalities that cause mood symptoms?
The authors propose that endogenous cardiac steroids may be the factors that transduce the consequences of stressors to produce syndromes of mania or depression via abnormal neural function (Fig. 1). This paper will review the evidence that endogenous cardiac steroids, such as endogenous ouabain, may be involved in the pathogenesis of bipolar illness, and how these stress-responsive compounds may lead to periods of illness.[image: ../images/40345_2020_213_Fig1_HTML.png]
Fig. 1Proposed model of role of endogenous ouabain in pathophysiology of bipolar disorder


Methods
PubMed and Google Scholar were interrogated with the search words of “digoxin mood,” “digoxin bipolar,” “ouabain mood,” “ouabain bipolar,” “cardenolide mood,” and “cardenolide bipolar.” Only the first 100 titles of each search were reviewed by two authors, because the utility declined quickly after that, and articles that informed the topic were specifically read.
Results
The possible involvement of ion dysregulation and endogenous cardiac steroids in BD was recently reviewed (El-Mallakh et al. 1076; Mack et al. 2019; Valvassori et al. 2019; Lichtstein et al. 2018). “Digoxin mood” yielded 507 items on Pubmed and 11,000 on Google Scholar. “Digoxin bipolar” yielded 17 items on Pubmed and 9720 on Google Scholar. Similarly, “ouabain mood” yielded 1288 and 580, respectively; and “ouabain bipolar” yielded 108 and 5890. “Cardenolide mood” and “cardenolide bipolar” yielded 1329, 230, 101, and 216 items.
Discussion
Endogenous cardiac steroids and the sodium pump
Endogenous cardiac steroids include digoxin-like, ouabain-like, and bufadienolide-like molecules. These molecules were first identified in plants (Foxglove, Digitalis, for digoxin (Kaul et al. 2013), twisted flower, Strophanthus, for ouabain (Fürstenwerth 2019)) and toads (Rhinella and other for bufadienolides (Krenn and Kopp 1998; Abdelfatah et al. 2019)). These agents have been used for centuries for treating congestive heart failure, atrial fibrillation, and appear to have a positive inotropic effect on cardiac muscle (Norn and Kruse 2004).
Cardiac steroids effects are mediated by multiple mechanisms. They are known to bind to specific sites on the α subunit of the sodium and potassium-activated adenosine triphosphatase (Na,K-ATPase) or sodium pump. The discovery of the sodium pump resulted in a 1997 Noble Prize to Jens C. Skou, the Danish scientist who documented its existence in 1957 (Skou (1957)). It is usually composed of two subunits, α and β. The α subunit has the sodium, potassium, adenosine triphosphatase (ATP), magnesium, and cardiac glycoside binding sites, while the β subunit is needed for membrane localization of the catalytic αsubunit and cellular adhesion. There are four different isoforms of the α subunit, and mRNA of all four can be found in nearly all human tissues. Protein expression of α1 isoform is ubiquitous in all human tissues. The α2, α3, and α4 are found in human brain, heart, and to a lesser extent, breast and reproductive tissues (GeneCards Human Gene Database 2020). The pump is additionally regulated by a small peptide that binds to the β subunit that was initially called γ, but is now referred to as FXYD domain containing ion transport regulator (Geering 2005). FXYD1 in muscle and FXYD2 in the kidney generally reduce sodium pump activity, FXYD7 in the brain also does so by reducing the affinity of the potassium binding site to extracellular potassium (Geering 2005; Clausen et al. 2020).
In the last 20 years, acceptance that cardiac glycosides are synthesized in the adrenal and hypothalamus of mammals has increased (El-Masri et al. 2002; Lichtstein et al. 1998; Blaustein 2018), but is still not universal (Baecher et al. 2014). It is known that cholesterol (which may be reduced in the brains of patients with bipolar illness (Beasley et al. 2005)) is needed for endogenous ouabain production (Blaustein 2018); and the pathway may involve pregnenolone and progesterone as intermediate steps, (Baecher et al. 2014). (Interestingly, pregnenolone levels may be reduced in the cerebrospinal fluid of individuals with a diagnosis of mood disorder and in relation to the severity of their symptoms (George et al. 1994).) Once synthesized, endogenous bufadienolides in toads (Lichtstein et al. 1993; Butler et al. 1996), and endogenous cardenolides in mammals (Antolovic et al. 1998) may circulate bound to a plasma protein. Rapid elevations in plasma levels of endogenous cardiac glycosides, as occurs with exhaustive exercise (Valdes et al. 1988), may occur due to release of bound glycosides from this carrier protein (Antolovic et al. 2000). The structure of the endogenous glycosides strongly resembles their plant-derived or toad-derived namesakes (Goto et al. 1989; Hamlyn et al. 1991; Komiyama et al. 2000). There is a large and reproducible literature that finds the endogenous glycosides play a significant role in regulation of fluid and electrolytes in animals and humans (Hamlyn and Manunta 2011) and have been associated with a multitude of diseases that involve expanded volume (El-Mallakh et al. 2019).
Physiological actions of endogenous glycosides
Plants manufacture glycosides for the purpose of protection. The concentrations of glycosides in plant tissues are toxic to animals and reduce herbivory. That means that at the concentrations in plants glycosides are at superphysiologic concentrations. Different glycosides have different actions. For example, marinbufagenin, which has higher affinity with preferential inhibition of the α1 isoform (Feraille and Doucet 2001; Dvela et al. 2007) and greater constriction of vascular smooth muscle (Dvela et al. 2007). Administration of ouabain may increase blood pressure, while digoxin would actually lower it (Huang et al. 1999; Manunta et al. 2000), and endogenous compounds appear to have a similar effect (Balzan et al. 2007). For understanding bipolar disorder, endogenous ouabain appears to be most important (El-Mallakh et al. 2010).
At concentrations found in plants or used experimentally, glycosides inhibit the activity of the Na, K-ATPase and have served as the major experimental purpose of cardenolides, particularly ouabain (Noël et al. 2018). Recently it has been demonstrated that in physiologic mammalian fluids the concentrations of endogenously produced ouabain are quite low (El-Mallakh et al. 2010; Manunta et al. 2006; Dvela et al. 2012). At these physiologic picomolar to nanomolar concentrations glycosides increase sodium pump activity in heart, smooth muscle, kidney, and brain (Ghysel-Burton and Godfraind 1979; Gao et al. 2002; Dvela-Levitt et al. 2015; Lichtstein et al. 1985). Even when disease increases the plasma levels of endogenous ouabain, the total levels remain below concentrations that inhibit sodium pump activity (Holthouser et al. 2010). The ouabain-induced increase of sodium pump activity is related to the affinity of the glycoside-binding site to the endogenous ligand, so that α3 appears more susceptible to inhibition with lower concentrations, followed by α2 and α1 at progressively higher concentrations (Balzan et al. 2007; Gao et al. 2002; Holthouser et al. 2010; Saunders and Scheiner-Bobis 2004). This effect may not be a direct effect on the sodium pump but may be secondary to signal transduction on α1, and possibly α 3, and α 4. Specifically, ouabain may increase sodium pump activity through activation of Src kinase-, ERK1/2-, and Akt-mediated pathway or the sodium-proton exchanger 1 (NHE1) (Holthouser et al. 2010; Liang et al. 2006; Khundmiri et al. 2007, 2008).
More recently, it has been discovered that endogenous glycosides can activate second messenger signals through phosphorylation of the Src protein (Thomas and Brugge 1997; Cui and Xie 2017). This discovery has been very exciting because it ties in endogenous glycosides with many cell regulatory processes that occur at physiologic, low nM concentrations of endogenous ouabain (Lichtstein et al. 2018; Touza et al. 2011). The effect on cellular signaling may be of particular importance for the pathophysiology of mood disorders, in general, and bipolar disorder, in particular (Lichtstein et al. 2018). Specifically, activation of extracellular signal-regulated kinase (ERK), protein kinase B (AKT), and nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) result from the interaction of endogenous ouabain with its receptor on the α 1 isoform which phosphorylate the Src intracellular protein (Lichtstein et al. 2018). These systems are important in calcium signaling and neurotransmitter regulation (Lichtstein et al. 2018). ERK and Raf–mitogen-activated protein kinase (MAPK) are involved in cell survival and proliferation (Kim and Choi 2010), which may be important in cell loss in bipolar patients (Chen and Manji 2006; Yuan et al. 2010; Schroeder et al. 2016).
Activation of the sodium pump appears to be an essential feature to reduce central nervous system inflammation (Kinoshita et al. 2017). Sterile inflammation appears to be a characteristic of bipolar disorder pathophysiology (Rosenblat and McIntyre 2016). If sodium pump activity is blocked in glial cells, inflammatory pathways are activated in the presence of lipopolysaccharides (Kinoshita et al. 2017).
Because the sodium pump activating effect of ouabain occurs at physiologic (low) concentrations (Holthouser et al. 2010), this effect is probably more important to understanding physiologic actions of endogenous ouabain than studies using pharmacologic (high) doses of the plant-derived form of this compound.
The concentrations of endogenous ouabain in the brain may be particularly important in understanding the differential roles of control of ion regulation and control of signal transduction. The α1 isoform is clearly involved in signal transduction (Cui and Xie 2017; Madan et al. 2017), even though all isoforms have highly conserved sequences important in regulating that interaction (Cui and Xie 2017). Alpha2 does not appear to activate ERK, but α3 and α4 appear to do so with at lower doses of ouabain (Pierre et al. 2008). In studies in which cells are designed to express only the α3 isoform, the Src protein does not appear to be phosphorylated, but the ERK system is still activated (Madan et al. 2017), which may occur due to increases of intracellular calcium or other disruption of cellular function (Balasubramaniam et al. 2015; Ghilardi et al. 2020). Similarly, mice without a functional α3 protein show increased calcium signaling in cultured cortical neurons and phospho-activation of ERK and Akt in the hippocampus (Kirshenbaum et al. 2011a), suggesting that increased intracellular calcium may play a role in signal transduction independent of α3. If these differences in isoform involvement in the Src/ERK/MAPK signaling pathway apply in human brains, and given that the affinity of α3 glycoside receptor site greatly exceeds that of α1 (Pierre et al. 2008), activation of ion transport activity will occur via α3 before activation via α1.
Glycoside induced behavior changes in animal models
Creating an animal model for psychiatric illnesses is always difficult. Bipolar illness may be particularly hard since an adequate animal model would manifest both mania and depression and response and prevention of both with medications like lithium (Fineberg et al. 2011). The only animal models of mania that achieve face validity, construct validity, and predictive validity are ionic models (Mack et al. 2019). One of these models utilizes administration of high doses of ouabain by intracerebroventricular (ICV) injection in rats (El-Mallakh et al. 2003).
Direct ICV ouabain administration will reduce sodium pump activity in the brain (Hamid et al. 2009), induce both depressive and manic symptoms which can be treated and prevented with lithium (Valvassori et al. 2019; El-Mallakh et al. 1995; Li et al. 1997). The model attempts to mimic the reduced sodium pump activity that has been reported in bipolar illness, not changes in endogenous ouabain. The outcome of both a deficiency of endogenous ouabain (which is expected to increase Na, K-ATPase activity), or an excess of exogenous ouabain (which reduces Na, K-ATPase activity), would be expected to be the same—a reduction in sodium pump activity.
However, there are animal models of depression that suggest that reducing sodium pump activity may be antidepressive. Specifically, ICV administration of anti-ouabain antibodies to normal rats has been shown to reduce depressive behaviors (Goldstein et al. 2006). Additionally, in animal models of depression such as Flinders Sensitive Line of genetically sensitized rats to diisopropyl fluorophosphate (DFP, which inhibit organophosphorus cholinesterase (Overstreet 1993)), or lipopolysaccharide-treated rats, treatment with ICV anti-ouabain antibodies also improves depressive symptoms (Goldstein et al. 2006, 2012). Similarly, a three-fold increase of brain endogenous glycoside occurs in the amphetamine model of mania, but the hyperactivity is prevented with ICV administration of anti-ouabain antibodies (Hodes et al. 2016).
It is not clear which brain area and how many degrees of the reduction of sodium pump activity are associated with manic or depressive behaviors.
Endogenous ouabain aberration in bipolar disorder subjects
Before the discovery of the sodium pump in 1957, John Cade in Australia described the antimanic effect of lithium treatment (Cade 1949). By the mid-1950s the efficacy of lithium treatment had been well-established in Europe (Schou et al. 1954; Rice 1956). This created an initial focus on ion regulation in bipolar illness and led to early studies in this area. Most importantly were a large number of studies that documented a mood-state related reduction in sodium pump activity (Looney and El-Mallakh 1997). These changes were seen in both bipolar depression and mania. Furthermore, whole body intracellular sodium was also increased in both mania and depression and normalizes with treatment or euthymia (Coppen et al. 1966; Shaw 1966; Coppen 1967). Since intracellular sodium concentration is a major determinant of intracellular calcium concentrations (Blaustein 1993), it is not surprising that free intracellular calcium is also elevated in mania and normalizes with treatment or euthymia (Dubovsky et al. 1989, 1992). Postmortem brain studies of the sodium pump in patients with bipolar illness report that the expression of the α2 isoform is reduced in the temporal cortex of patients with bipolar illness compared to non-bipolar controls (Rose et al. 1998), and the expression of the α3 subunit is increased overall but reduced in GABAergic neurons in several brain regions of patients with bipolar illness versus non-psychiatrically ill controls (Hodes et al. 2019). There are specific haplotypes of the α2 subunit that have been associated with bipolar illness in a small sample of unrelated subjects (Goldstein et al. 2009). In the periphery, regulation of the α1 of both red cells (Looney and El-Mallakh 1997; Nurnberger et al. 1982) and immortalized white cells (Huff et al. 2010; Li and El-Mallakh 2004; Cherry and Swann 1994) is impaired in bipolar individuals. These findings served as some of the basis of the Na, K-ATPase hypothesis for bipolar illness, in which it is proposed that increases of these ions depolarized neurons and make them more likely to fire and lead to mania, while more substantial increases of intracellular sodium would lead to depolarization block and depression (El-Mallakh and Wyatt 1995). Genetic associations to both the α1 and α3 subunit genes of the Na, K-ATPase have been reported (Goldstein et al. 2009; Mynett-Johnson et al. 1998), but have not been reliably reported (Philibert et al. 2001). The later study examined a population of Old Order Amish individuals that have been genetically isolated for nearly two centuries (Philibert et al. 2001; Crowley 1978). Animal models, which can be used to test hypotheses, reveal that heterozygote α2 knockout (KO) mice may have a partial manic-like picture [108, but heterozygote α3 KO mice have a more complete bipolar-like picture with both manic (Kirshenbaum et al. 2011a, 2014, 2011b). These data are compatible with the interpretation that the decline of sodium pump activity associated with abnormal moods in bipolar patients is secondary to another process, such as differential elaboration of endogenous ouabain.
A non-specific antibody for endogenous glycosides was used to demonstrate that these agents are present in reduced concentrations in manic individuals versus normal controls (Li and El-Mallakh 2004). Furthermore, subjects with bipolar illness lacked the seasonal variation in circulating glycosides found in controls (low in winter and higher during the rest of the year), with similar levels during winter (the most stable time for bipolar patients) but lower levels for the rest of the year (Li and El-Mallakh 2004). These findings suggested that bipolar illness may be characterized by inability to upregulate endogenous ouabain production in response to environmental needs. Since endogenous glycoside synthesis is known to increase in response to exercise to exhaustion (Valdes et al. 1988), an experiment was performed with bipolar patients and non-athletic controls. Euthymic patients with bipolar illness did not increase endogenous ouabain levels when exercised to exhaustion compared to non-bipolar controls (El-Mallakh et al. 2010). This may have led to a reduced exercise duration of patients with bipolar illness (Cherry and Swann 1994). All of these measures were in peripheral blood; in postmortem brain tissue, endogenous glycoside levels were higher in the parietal cortex of patients who had bipolar illness compared to those with major depressive disorder and non-mentally ill controls, but not compared to those with schizophrenia (Goldstein et al. 2006). However, tissue measurements are limited by the fact that they are expressed per unit amount of protein, and so endogenous glycosides may appear higher in a group of patients whose illness manifests in tissue loss (Mynett-Johnson et al. 1998). Moreover, different brain tissues may have different affinity of endogenous ouabain binding, also it is possible that endogenous ouabain concentration of brain and peripheral blood may not synchronously change.
Release of endogenous ouabain from the adrenals appears to be under the control of adrenocortical trophic hormone (ACTH) (Philibert et al. 2001; Crowley 1978). Hypothalamic-pituitary axis (HPA) disruption is associated with ill phases of bipolar illness (Belvederi Murri et al. 2016) as are stressors that may predispose to affective recurrence, such as sleep deprivation (Gao et al. 2013). Sleep deprivation in mice is associated with increased corticosterone and endogenous ouabain (Gao et al. 2013). Similarly, experimental sleep deprivation increases cortisol levels and manic symptoms in men (Kirshenbaum et al. 2014). Even 24 h of sleep deprivation is enough to increase serum cortisol (Kirshenbaum et al. 2011b; Grider et al. 1999; Shah et al. 2007), though this finding is not universal (Moorhead et al. 2007). Rats that receive anti-ouabain antibodies microinjections into the locus coeruleus have a significant reduction in rapid eye movement (REM) sleep (Goto et al. 1996). Conversely, rats undergoing REM deprivation had a decrease in affinity to ouabain (Hinson et al. 1998). ICV ouabain enhanced wakefulness in rats (Gao et al. 2017) which is consistent with its manic-like effects (El-Mallakh et al. 2003, 1995; Hamid et al. 2009; Li et al. 1997), but did not induce any other lasting changes. No studies measuring endogenous glycosides in humans after sleep deprivation have been performed. However, it is expected that circulating endogenous ouabain would increase parallel to cortisol in humans. If observations that individuals with bipolar illness are unable to upregulate endogenous ouabain in response to need are correct, then one would predict, that sleep deprivation in bipolar subjects would not result in endogenous ouabain secretion.
Proposed endogenous ouabain model of pathogenesis of bipolar disorder
Endogenous ouabain has the highest affinity of all the endogenous glycosides to the α3 isoform of the sodium pump. The α3 isoform has its greatest distribution in neurons in the central nervous system. At physiologic concentrations, endogenous ouabain increases sodium pump activity, and may or may not activate cellular signaling through the α1 isoform receptor. Under certain circumstances that include season of year and exhaustive exercise (and possibly sleep deprivation), endogenous ouabain levels increase in non-bipolar subjects, but do not appear to respond in people with bipolar illness (Fig. 1). The hypothesis argues that these are stressors in which increased sodium pump activity is needed, and since physiologic concentrations of endogenous ouabain increase pump activity, increased ouabain production is needed to deal with the stress. Patients with bipolar illness are not able to upregulate endogenous ouabain production, and so enter the stress with a relative deficiency of endogenous ouabain, resulting in a relative reduction in sodium pump activity, and excessively depolarized resting potential, and expected abnormalities in neural function that result in both mania and bipolar depression.
Conclusions
Recent work has highlighted the potential role of endogenous glycosides, particularly endogenous ouabain-like factor, in the pathophysiology and possible pathogenesis of bipolar illness. It is purported that individuals with bipolar disorder appear to be unable to upregulate endogenous ouabain under conditions mandating the action of that hormone. This leaves patients with neural tissues that is unable to maintain adequate depolarization, and leads to symptoms of mania or bipolar depression. Nearly all available data currently support this model, but additional studies are required to solidify the role of this system. Endogenous ouabain dysregulation appears to be a reasonable candidate for understanding the pathophysiology of bipolar disorder.
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