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Abstract
Hyperkalemia is a recognized and potentially life-threatening complication of heart transplantation. In the complex biosystem created by transplantation, recipients are susceptible to multiple mechanisms for hyperkalemia which are discussed in detail in this manuscript. Hyperkalemia in heart transplantation could occur pre-transplant, during the transplant period, or post-transplant. Pre-transplant causes of hyperkalemia include hypothermia, donor heart preservation solutions, conventional cardioplegia, normokalemic cardioplegia, continuous warm reperfusion technique, and ex-vivo heart perfusion. Intra-transplant causes of hyperkalemia include anesthetic medications used during the procedure, heparinization, blood transfusions, and a low output state. Finally, post-transplant causes of hyperkalemia include hemostasis and drug-induced hyperkalemia. Hyperkalemia has been studied in kidney and liver transplant recipients, but there is limited data on the incidence, causes, management, and prevention in heart transplant recipients. Hyperkalemia is associated with an increased risk of hospital mortality and readmission in these patients. This review describes the current literature pertaining to the causes, pathophysiology, and treatment of hyperkalemia in patients undergoing heart transplantation and focuses primarily on post-heart transplantation.
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Core Tip: Hyperkalemia is a potentially life-threatening complication of heart transplantation. Recipients of heart transplant are susceptible to hyperkalemia via multiple mechanisms both during transplantation, as well as in the pre- and post-transplant periods. Hyperkalemia has been well studied in kidney and liver transplantation, however data is limited regarding the incidence, causes, management, and prevention in heart transplant recipients.

INTRODUCTION
The gold standard for treatment of end-stage heart disease remains orthotopic heart transplantation[1]. Gradually changing approaches to managing perioperative, intraoperative, and postoperative variables for heart transplantation have allowed the survival of primary heart transplant recipients at day 30, 1 year, and 5 years to approach 90.3%, 82.4%, and 69.7%, respectively[2]. These approaches include improved heart preservation techniques, criteria for selection of the donor and recipient, improved surgical techniques, diverse and more potent choices of immunosuppressive drugs, better postoperative care, and better rejection surveillance[3,4]. Despite the growing clinical success of heart transplantation in the last 20 years, many transplant recipients develop chronic problems such as heart allograft vasculopathy, rejection, hypertension, and hyperkalemia.
Hyperkalemia, specifically, is a recognized and potentially life-threatening complication of heart transplantation. The causes of hyperkalemia can be divided into those occurring before, during, and after heart transplantation, while simultaneously divided as donor vs recipient related. Hyperkalemia has been studied in kidney and liver transplant recipients, but there are limited studies on the incidence, causes, management, and prevention of hyperkalemia in heart transplant recipients. This review describes the current literature pertaining to the causes, pathophysiology, and treatment of hyperkalemia in recipients after heart transplantation.
As discussed above, hyperkalemia causes in the setting of heart transplant can be classified into donor and recipient. Donor causes are mainly pre-transplant in origin and include maintaining the heart in a hypothermic state and the use of certain preservative and cardioplegic solutions. Recipient causes can be classified into transplant or post-transplant (Figure 1).

PRE-TRANSPLANT
Hypothermia
[bookmark: OLE_LINK11]Hypothermia is crucial to preserving donor grafts prior to organ transplantation as it reduces ischemic cellular damage. Decreasing donor organ temperature from 37 °C to 4 °C results in a 12-fold decrease in metabolic demand[5,6]. However, hypothermia can lead to sodium-potassium channel alterations, cellular energy depletion, dysregulation of calcium homeostasis, mitochondrial perturbations, xanthine oxidase accumulation, and increased levels of reactive oxygen species which may impair cellular viability[6]. Therefore, preservative solutions have been implemented for cellular protection. Some of these solutions have high potassium levels which adversely affect the endothelium and membrane transport.

Donor heart preservation solutions
There are over 167 solutions available for preservation of donor grafts[7]. The concentration of potassium in these solutions can range from 10 to 20 mmol/L and can be as high as 140 mmol/L[7-9]. The three major mechanisms of heart endothelium-dependent relaxation that these cardioplegic preservative solutions induce are via cyclooxygenase enzymes, nitric oxide, and endothelium-derived hyperpolarizing factor, which is an aspect of potassium channels. Initially, studies performed on rat hearts showed that infusing hyperkalemic cardioplegic solutions can damage coronary endothelium[10]. However, subsequent studies on porcine and rabbits demonstrated tolerance of coronary endothelium to hyperkalemia in transplant preservation for up to four hours without disruption of endothelium-dependent relaxation[11-13]. Even further studies demonstrated that exposure of porcine coronary arteries to hyperkalemia caused potassium channel-mediated endothelium-dependent relaxation in a dose-dependent manner between 20 and 50 mmol/L[14]. The same researchers further validated these results on human coronary artery rings by demonstrating that the adverse effect of potassium through calcium-activated potassium channels occur 1 h after exposure to potassium. The duration of this damage coincides with the period of reperfusion that increases coronary tone, which is unfavorable to blood flow and myocardial perfusion during transplant procedures[15,16]. This is also the presumed pathophysiology for the development of graft coronary vasculopathy, which is the major cause of death beyond the first year after heart transplantation.

Conventional cardioplegia
Conventional cardioplegic solutions rely on hyperkalemia to depolarize the membrane and achieve systolic arrest[7]. The hyperkalemic solution directly contracts the vascular endothelium during cardiac arrest of the donor organ[7]. It also results in an increase in intracellular sodium via non-activating sodium currents that may exacerbate calcium overload during reperfusion[17]. Increase in calcium concentration can also decrease myocardial contractile function, beta adrenergic responsiveness, and active relaxation[18,19].

Normokalemic cardioplegia
Normokalemic adenosine-lidocaine cardioplegic solutions contain lidocaine that blocks fast sodium channels, which can cause diastolic arrest. Meanwhile, adenosine maintains a polarized membrane potential. It has been observed that ischemic rat hearts re-perfused with adenosine-lidocaine cardioplegia show improved cardiac function when compared to traditional hyperkalemic cardioplegia. Furthermore, Hamano et al[20] discovered polarized arrests using potassium channel openers minimized calcium overload and improved myocardial function. It was demonstrated that hearts treated with a potassium channel opener had improved transplant outcomes.

Continuous warm re-perfusion technique
In an earlier retrospective study on heart transplantation, researchers found that continuous warm re-perfusion technique during implantation of donor’s heart enhances myocardial preservation. Ischemic time shortened by 31 min, suturing time lasted 12 min longer, ionotropic support duration decreased, length of intensive care and stay in hospital declined, ischemic damage in the first biopsy of the endomyocardium showed less ischemic damage, and right ventricular pressures were lower one month post-operatively[21,22].

Ex-vivo heart perfusion
Ex-vivo heart perfusion (EVHP) has been used to increase the donor pool by facilitating resuscitation of a donor’s heart after cardiocirculatory death. Cardioprotective EVHP uses a tepid adenosine-lidocaine cardioplegic solution to minimize myocardial injury by maintaining polarized resting membrane potential through diastolic arrest. The cardioprotective properties of EVHP occur by three different mechanisms: First, by inhibiting apoptosis; second, by its anti-inflammatory properties; and third, by minimizing oxidative stress and improving posttransplant function. Ongoing research with Nicorandil, which is an ATP sensitive potassium channel opener and causes an independent outward current shortening the duration of the action potential, has shown to lead to hyperpolarization, reduced myocyte injury caused by ischemia, and long-term cardiac preservation[23].

DURING TRANSPLANT
Several factors such as anesthetic medications used during the procedure, heparinization, blood transfusions, and low output state can trigger hyperkalemia during or immediately after the procedure. Avoiding or limiting the use of medications such as succinylcholine, measures to prevent blood loss, and maintenance of stable vitals during the procedure can all prevent hyperkalemia during an operation.

POST-TRANSPLANT
Hemostasis in the post-heart surgery period can commonly cause hyperkalemia, mainly due to the high potassium levels in cardioplegic solutions along with postoperative renal failure and low flow rates. Drug-induced hyperkalemia is another cause of hyperkalemia after heart transplantation. This can result from angiotensin converting enzyme inhibitors (ACEIs), angiotensin receptor blockers (ARBs), trimethoprim/sulfamethoxazole, calcineurin inhibitors (CNIs), and other medications that are used after heart transplantation to prevent rejection, as well as for infection prophylaxis.

CNIs
Recipients undergoing whole organ transplantation who receive CNIs, such as Cyclosporine (CsA) or Tacrolimus (FK506), encounter hyperkalemia as a frequent complication. The incidence of hyperkalemia in kidney transplant recipients receiving CsA varies from 25%-40%. The incidence of hyperkalemia in liver transplant recipients on FK506 is 40%. The mechanism of hyperkalemia in recipients on the above medications is not clear. However, hyperkalemia due to nephrotoxicity is well reported in liver and kidney transplant recipients and only recently in heart transplantation recipients[18,19,24]. With nephrotoxicity, these drugs may cause a syndrome similar to hyporeninemic hypoaldosteronism with decreased release of aldosterone, decreased tubular absorption of potassium by inhibiting sodium-potassium ATPase activity, decreased mineralocorticoid receptor expression, and direct inhibition of potassium channels in collecting tubules[22,24-27]. CsA is also known to activate the sympathetic nervous system, increasing the reabsorption of sodium and other solutes in the renal tubules. This leads to reduced delivery of sodium to the distal tubules, further sodium retention and hypertension, hyperkalemia, and hyperuricemia[4].
Current management for hyperkalemia in these instances includes reducing the dose of CsA and maintaining a euvolemic state. Thiazide diuretics can also be used to counter the effect of CNIs. Some recipients require dialysis in severe cases. Experimentally, atrial natriuretic peptide has shown promising results in preventing and treating AKI post-heart transplantation through mechanisms requiring further study[7,28,29].

Proliferation signal inhibitors: Sirolimus
Sirolimus (rapamycin) is a potent immunosuppressant with a different mechanism of action from CNIs. It inhibits activation of T-cells and B-cells by reducing their sensitivity to interleukin-2 through mammalian target of rapamycin (mTOR) inhibition. mTOR is involved in renal potassium excretion and mTOR complex 1 (mTORC1) activation in the collecting ducts which results in features of pseudo-hypoaldosteronism (hyperkalemia, hyperaldosteronism, and metabolic acidosis)[30]. In addition to immunosuppressive properties, proliferation signal inhibitors (PSIs) have important antiproliferative effects. When used as secondary immunosuppressive agents in place of azathioprine or mycophenolate, PSIs prevented cardiac allograft vasculopathy (CAV) progression as well as regression of cardiac hypertrophy and reduced incidence of clinically significant cardiac events. It is important to note that concomitant use of CNIs and PSIs is associated with an increased risk of nephrotoxicity and hyperkalemia.

Renin angiotensin aldosterone system inhibitors
CAV remains a leading cause of mortality after heart transplantation. The renin angiotensin aldosterone system has also been implicated in the development of native coronary atherosclerosis[31]. ACEIs possess anti-atherogenic properties, which reduce plaque development in the coronary arteries after heart transplant. They accomplish this by decreasing the production of angiotensin-II, reducing oxidative stress, inhibiting smooth muscle proliferation, and improving fibrinolysis[32,33]. Despite the beneficial effects, physicians must be cautious when prescribing ACEIs and ARBs, or even direct renin inhibitors like Aliskerin, because of the serious side effects of hyperkalemia. Potassium levels should be carefully monitored by the physicians, especially in recipients with renal insufficiency, who appear to have a relatively higher incidence of hyperkalemia when compared to recipients with normal renal function on ACEIs. Certain newer medications like patiromer and sodium zirconium cyclosilicate can be used along with ACEIs/ARBs to counteract the effects of hyperkalemia when the benefits outweigh the risks.

Trimethoprim-sulfamethoxazole
Trimethoprim-sulfamethoxazole is a frequently used sulfonamide antibiotic for prophylaxis and treatment of Pneumocystis jiroveci pneumonia in heart transplantation recipients. However, several case reports of life-threatening hyperkalemia in transplant recipients on the antibiotic have been documented, in both standard and high dosing during the recommended prophylaxis period of one year. Alternative prophylactic drugs like dapsone, inhaled pentamidine, or atovaquone can be considered as a result of their milder effects on potassium retention.

Statins
Several case reports have reported that lovastatin can potentiate the nephrotoxic effect of CsA in a dose-dependent fashion, and also increases the risk of hyperkalemia by increasing the efflux of potassium ions from muscle cells that are damaged. While the exact mechanism remains unknown, it has been suggested that CsA affects biliary clearance of lovastatin increasing its levels. It also lowers lipoprotein levels which further increases levels of free CsA, further potentiating its side effects. Thus, it is advised to start statins at a lower dose in heart transplant recipients along with frequent monitoring of CsA levels, liver enzymes, and creatinine kinase (CK) levels. The concomitant use of multiple lipid-lowering drugs should be avoided, and lovastatin should be discontinued in recipients with symptoms of muscle damage or an asymptomatic patient with increased levels of CK.
Lovastatin is not the only statin to cause hyperkalemia. Rhabdomyolysis and acute tubular necrosis are frequent complications in patients undergoing treatment with simvastatin when itraconazole is added. This is especially seen in organ transplant recipients being treated with CsA. It is important to ensure early diagnosis of rhabdomyolysis and withdraw the responsible statin to avoid further muscle damage. Recipients taking simvastatin with a cytochrome inhibitor like itraconazole, ketoconazole or erythromycin should undergo considerable reduction of simvastatin to 5 mg daily or, in some cases, total discontinuation. Other statins like pravastatin and fluvastatin might be used in such recipients as these are excreted unchanged by the kidneys and fluvastatin is less affected by CsA. To minimize toxicity caused by CsA, frequent monitoring of trough blood levels, more than weekly, should be considered and appropriate dose adjustment implemented[34].

Beta-blockers
Non selective beta-blockers and potassium sparing diuretics used for management of low output states post-heart transplant can also cause hyperkalemia and should be acknowledged in a post-transplant setting. Management should be altered based on the indication for the beta-blocker.

HYPERKALEMIA MANAGEMENT
Potassium levels higher than 5.5 mEQ/L can induce life-threatening arrhythmias. Thus, the potassium concentration after cardiac surgery should be maintained at an optimum level of 3.8-4.3 mEQ/L. Hyperkalemia can also lead to myopathy and cause generalized muscle weakness[35]. Treatment of hyperkalemia is based on the severity, presence of symptoms, and electrocardiogram (EKG) changes.

Acute management
Hyperkalemia can cause EKG changes like peaked T-waves, ST depression, increased PR interval, and QRS widening. These changes should be immediately managed by pharmacological interventions like calcium gluconate/calcium chloride, which stabilizes membrane potential, and insulin with glucose, beta-2 agonists, and sodium bicarbonate that all transiently shift potassium intracellularly. Diuretics like furosemide or thiazides can be used in patients with normal kidney function, as well as kayexalate and hemodialysis to decrease potassium to a safe level.

Nonselective non-absorbable cation binders
Many nonselective non-absorbable cation binders are currently available which directly bind to potassium and move it into the cells. Two cation binders include sodium polystyrene sulfonate (SPS), patiromer, and sodium zirconium cyclosilicate (ZS-9).
SPS has a large binding capacity for sodium and works by exchanging sodium for potassium. As it is nonselective, it also binds to magnesium and calcium, leading to possible potassium overcorrection along with hypomagnesemia and hypocalcemia[36]. Although use in the first month after transplant is not ideal as it can lead to bowel necrosis, risk-benefit decisions should be weighed postoperatively in transplant recipients.
Patiromer, another non-selective cation binder, has a more favorable gastrointestinal side-effect profile compared to SPS. It is a sodium free polymer and works by exchanging potassium with calcium. At a starting dose of 8.4 g, it can lower potassium levels within hours of administration, and this decrease continues up to 48 h in a dose-dependent manner[37]. However, due to its nonselective nature, it can also result in hypomagnesemia and hypocalcemia.
ZS-9, another nonselective cation binder, was approved by the Food and Drug Administration in 2018. It acts by exchanging potassium for sodium and hydrogen. Mean serum potassium reduction with a 10 g first dose of ZS-9 was 0.7 mEQ/L at 48 h, with a chance of a further reduction in patients with higher initial potassium levels. ZS-9 should not be given with other pH-dependent drugs for 2 h because of the potential transient increase in gastric pH, which can alter drug solubility and absorption.

Exogenous mineralocorticoids
Fludrocortisone has been demonstrated to be an effective drug for managing hyperkalemia. It works at the level of the distal convoluted tubule by facilitating resorption of sodium along with promoting potassium excretion. A long list of side effects like fluid retention, hyperglycemia, osteoporosis, hypertension, and hypernatremia hinders the use for management of hyperkalemia post-transplant. However, when considering treatment with newer drugs like SPS, Patiromer and ZS-9, fludrocortisone can be chosen as it has no drug interactions.
There are special considerations in the management of hyperkalemia in a heart transplant recipient vs the management of hyperkalemia in a non-transplant patient. If a recipient is being treated with a CNI, particularly Tacrolimus, special care has to be taken when using Patiromer. Patiromer has been shown to increase the level of Tacrolimus over the span of four weeks requiring decreases in dosage[38]. With risk of supratherapeutic Tacrolimus levels, there is risk of insult to the kidney causing acute kidney injury or worsening chronic kidney disease (CKD) that subsequently leads to worsening hyperkalemia. In the setting of persistent hyperkalemia requiring dialysis, this may be a sign of developing CKD or existing CKD progressing to end stage renal disease (ESRD), as the risk of CKD and ESRD increases each year after heart transplantation[39]. The use of dialysis alone in heart transplant patient confers a 20.3% worse mortality than a recipient without dialysis[39]. While CNIs undoubtedly contribute to the deterioration of the kidneys over time, other risk factors such as hypoperfusion (despite circulatory support) prior to the heart transplant, and other comorbidities such as hypertension or diabetes, can accelerate damage and present mortality risk that is greater than the non-transplant patient. Thus, these comorbidities should be monitored closely and treated appropriately to avoid added risk, if possible.

HYPERKALEMIA PREVENTION
Low potassium diet, avoiding fasts for long periods, using medications that do not increase potassium, avoiding potassium-sparing diuretics, avoiding succinylcholine and non-steroidal anti-inflammatory drugs can all be used as preventive measures. Recipients with CKD or heart failure who are treated with ACEIs/ARBs should continue these medications if there is mortality benefit. Further preventive measures can decrease the risk of hyperkalemia including close monitoring of serum potassium levels and kidney function, using thiazide or loop diuretics whenever possible to help remove excess potassium from the body, and the use of oral bicarbonate supplements when appropriate[40]. Recent studies have shown that low-dose SPS was found to be safe and effective as a preventive measure for hyperkalemia caused by ACEIs/ARBs in CKD recipients with heart disease[40].

CONCLUSION
Hyperkalemia is one of the known serious complications following heart transplant. A careful review of the causes, using medications carefully, and employing counteractive measures to manage this complication can ultimately lead to improvement in graft viability. In addition to classic management strategies of hyperkalemia, newer nonselective and non-absorbable cation binders like SPS, Patiromer, ZS-9, and exogenous mineralocorticoids can also be considered for correction and are promising in increasing graft viability. This manuscript provides a complete and concise review for the causes, prevention, and management of hyperkalemia in a heart transplant recipient. This review covers pre-transplant, transplant, and post-transplant causes and should be reviewed when managing such recipients in a hospital or outpatient setting. As new management discoveries are studied, this review will continue to be a compilation of the ground-work of management techniques that have been effective to-date.
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Figure Legends
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Figure 1 Summary of hyperkalemic causes in heart transplant recipients. Causes of hyperkalemia can be classified into pre-transplant, transplant, and post-transplant causes. RAAS: Renin angiotensin aldosterone system.
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