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tifying common and effective signaling pathways mediated by a variety of factors 
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ing the systemic interaction between the cardiovascular and nervous systems has 
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plant and animal physiology.
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Preface

Potassium is the most abundant cation in the human body. It is an essential mineral 
that regulates intracellular enzyme function and helps determine neuromuscular 
and cardiovascular tissue excitability.

Adequate dietary intake is important to maintain body potassium store. In the 
United States, the average daily potassium intake is far from the recommended minimal 
target of 4700 mg per day. Population studies have demonstrated that higher dietary 
potassium intake helps reduce salt and water retention, mediate acid-base balance, 
protect against kidney stone formation and bone mineral loss, control blood pressure, 
and reduce the risk of type II diabetes mellitus (DM). It has also been associated with 
reduced risk of stroke, cardiovascular disease (CVD) events, and mortality.

Poor intake, intracellular shifting, or excessive loss can lead to hypokalemia, a 
potassium deficient state. Excessive potassium intake and/or extracellular shifting 
combined with reduced excretion will lead to hyperkalemia, a potassium excess  
state. Disturbances in potassium homeostasis are common and can result in  
life-threatening complications, including arrhythmia and cardiac arrest.

Managing potassium disorders is an essential part of daily clinical practice. But 
it often presents a huge challenge and can be intimidating at times for students, 
 trainees, and even seasoned clinicians. It is crucial to have a systemic way of 
approaching potassium disorders. This approach should be based upon a solid 
 understanding of the pathophysiology of potassium derangement.

This book is a concise, easy-to-read reference that provides clinicians and other 
healthcare providers with an in-depth understanding of the pathophysiology of 
potassium disorders in various clinical settings, as well as a systemic diagnostic and 
treatment approach based upon existing evidence. It is a useful companion book 
for students in the health professions, mid-level providers, house staff trainees, 
and  clinicians responsible for the management of derangement in potassium  
homeostasis.

Jie Tang, MD., MPH, FASN
Division of Kidney Diseases and Hypertension,

Department of Medicine,
Alpert Medical School of Brown University,

Providence, Rhode Island, USA
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Chapter 1

Introductory Chapter: Potassium in 
Human Health
Jie Tang and Olive Tang

1. Introduction

Potassium is an essential mineral in the maintenance of cellular integrity and physi-
ologic homeostasis. The total body potassium store is about 45 millimoles per kilogram 
of body weight, most of which majority resides intracellularly. This introductory chapter 
will focus on dietary potassium and review the beneficial impacts of potassium on health.

2. Dietary potassium

Adequate dietary intake is important to maintain body potassium stores. 
Potassium is naturally present in a wide variety of foods, including fruits, vegetables, 
meats, and many common beverages, and can be found in nutritional supplements. 
Potassium content tends to be higher in fruits and vegetables compared to meats and 
grains. Table 1 lists the potassium content in common foods.

High (>200 mg/serving) Moderate (100–200 mg/serving) Low (<100 mg/serving)

Fruits

Raisin (1 cup = 1086 mg) Pear (1 = 198 mg) Grapes (10 = 93 mg)

Pineapple (1 = 986 mg) Apple, medium (1 = 195 mg) Lemon (1 = 58 mg)

Papaya (1 = 781 mg) Peach, medium (1 = 193 mg)

Mango (1 = 564 mg) Raspberry, fresh (1 cup = 186 mg)

Kiwi, sliced (1 cup = 562 mg) Watermelon, diced (1 cup = 170 mg)

Banana (1 = 422 mg) Tangerines, medium (1 = 146 mg)

Cantaloupe, diced (1cup = 417 mg) Plums, fresh (1 = 104 mg)

Honeydew, diced (1 cup = 388 mg) Blueberries (1 cup = 112 mg)

Grapefruit (1 = 350 mg)

Orange, medium (1 = 237 mg)

Blackberries (1 cup = 233 mg)

Strawberry, whole (1 cup = 220 mg)

Vegetables

Avocado, medium (1 = 975 mg) Carrots, fresh (1/2 cup = 177 mg) Cucumber slices (1/2 
cup = 88 mg)

Potato, medium (1 = 897 mg) Onion, medium (1 = 161 mg) Lettuce (1 cup = 87 mg)
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High (>200 mg/serving) Moderate (100–200 mg/serving) Low (<100 mg/serving)

Spinach (1 cup = 840 mg) Cabbage, chopped (1 cup = 151 mg) Radish, medium 
(1 = 10 mg)

Sweet potato (1 = 438 mg) Broccoli, chopped (1/2 cup = 147 mg)

Winter squash (1 cup = 406 mg) Peas, whole (1 cup = 126 mg)

Corn, medium ear (1 = 368 mg) Eggplant (1 cup = 122 mg)

Brussels sprouts (1 cup = 342 mg) Lettuce leaf (1 cup = 109 mg)

Celery, raw (1 cup = 312 mg)

Cauliflower, fresh (1 cup = 304 mg)

Tomato, fresh (1 = 290 mg)

Asparagus (1 cup = 271 mg)

Carrots, fresh (1 = 230 mg)

Mushroom, raw (1 cup = 220 mg)

Green beans, fresh (1 cup = 209 mg)

Animal products

Clams (3 oz. = 534 mg) Ham patties, cooked (1 = 146 mg) Egg, raw, large (1 = 69 mg)

Cod (3 oz. = 449 mg)

Salmon, raw (3 oz. = 309 mg)

Turkey breast (100 gm = 275 mg)

Beef, ground, 85% lean 
(3 oz. = 270 mg)

Shrimp, cooked (100 gm = 259 mg)

Lean beef, cooked (3 oz. = 224 mg)

Chicken (100 gm = 223 mg)

Blue crabs, cooked (3 oz. = 220 mg)

Quail cooked (100 gm = 216 mg)

Beverages/diary products

Prune juice (8 FL oz. = 707 mg) Wine (5 FL oz. = 147 mg) Beer (12 FL oz. = 96 mg)

Orange juice (8 FL oz. = 596 mg) Chocolate ice cream (1/2 
cup = 164 mg)

American cheese 
(1 oz. = 79 mg)

Ensure (8 FL oz. = 441 mg) Vanilla ice cream (1/2 cup = 131 mg) Coffee (6 FL oz. = 52 mg)

Yogurt, fruit (8 FL oz. = 475 mg) Cranberry juice (8 FL 
oz. = 46 mg)

Milk whole (8 FL oz. = 322 mg) Cheddar cheese 
(1 oz. = 28 mg)

Soy milk (8 FL oz. = 287 mg) Cola (12 FL oz. = 4 mg)

Others

Breakfast cereal (1 cup = 293 mg) Energy bar (1 = 179 mg) Granola bar (1 = 94 mg)

White chocolate (3 oz. = 243 mg) Chocolate, dark (1 oz. = 158 mg) Rice, white, cooked  
(1 cup = 55 mg)

Wheat flour (1 cup = 134 mg) Butter (1 tbsp = 3 mg)

Source: http://www.nal.usda.gov.

Table 1. 
Dietary potassium content in common foods.
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A typical western diet includes more grains and meat and fewer fruits and veg-
etables, corresponding to a diet lower in potassium and higher in sodium. According 
to the National Health and Nutrition Examination Survey in 2009–2010, the average 
daily potassium intake in U.S. adults was only 2650 mg [1], far from the recom-
mended minimal target of 4700 mg per day. This large deficit in potassium intake at 
the population level led to potassium being identified as a shortfall nutrient by the 
Dietary Guidelines for Americans 2010 Advisory Committee [2].

In general, higher dietary potassium intake is associated with many health ben-
efits, including better blood pressure and blood glucose control [3]. However, in cases 
of advanced kidney diseases, dietary potassium intake may need to be restricted to 
avoid hyperkalemia [4].

3. Effect of potassium on health

In this chapter, we will review the existing evidence on the effect of potassium on 
health. Most published studies show the health benefits of higher potassium intake 
either by consumption of more fruits and vegetables, salt substitutes, or potassium 
supplementation.

3.1 Cell structure and function

Potassium is an important intracellular ion critical in the maintenance of cellular 
osmolarity and function. The resting cell membrane potential is a crucial component 
of cellular function especially for excitable cells, such as muscles and nerves. It is cre-
ated and maintained by the movement of sodium and potassium through correspond-
ing channels and transporters in the cell membrane, specifically, the Na-K-ATPase 
and K-selective outward ion channels. Disturbances in extracellular potassium 
concentration can affect membrane potential and alter cellular  function [5].

Potassium is also important for several intracellular processes including ribosome 
structure and function. Rozov et al. (2019) examined the role of potassium in ribo-
somal protein synthesis at the three-dimensional level using long-wavelength X-ray 
crystallography [6]. They found that potassium stabilized main functional ligands 
such as messenger RNA and transfer RNAs, as well as ribosomal RNAs and ribosomal 
proteins, through direct interactions with nitrogen and oxygen atoms of nucleotide 
bases and polypeptide or sugar-phosphate residues. Potassium helped preserve 
ribosome structural and functional integrities, by coordinating the conformational 
rearrangements in the decoding center upon binding of aminoacyl-tRNA, allowing 
tighter binding of mRNA.

In the mitochondria, several potassium channels have been described in the inner 
mitochondrial membrane: ATP-regulated potassium channel, Ca2+-activated potas-
sium channel, the voltage-gated Kv1.3 potassium channel, and the two-pore domain 
TASK-3 potassium channel [7]. They help preserve mitochondrial membrane poten-
tial, oxidative phosphorylation coupling, and matrix volume, and regulate several key 
mitochondrial metabolic actions [8, 9].

3.2 Blood pressure (BP)

Hypertension is a leading cause of heart attacks, strokes, and other end-organ 
damage. The antihypertensive effect of increased potassium intake is likely 
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multifactorial. Blood pressure is in part determined by body salt and fluid status; 
potassium is an essential ion for salt and fluid volume regulation. Potassium intake 
can modulate the activity of sodium-chloride cotransporter (NCC), a key channel for 
renal salt reabsorption located at distal nephron, and a special potassium channel, 
Kir4.1, located in the basolateral side of distal convoluted tubule [10]. Kir4.1 plays a 
key role in sensing plasma potassium. Low potassium intake (LKI) activates Kir4.1, 
hyperpolarizes cells at the distal convoluted tubule which, in turn, increases the 
abundance of NCC channel at the luminal side and ultimately leads to salt retention 
and higher blood pressure [10]. Increased potassium intake increases urinary salt 
excretion, thereby reducing blood pressure. In addition, higher potassium intake 
can directly lower the blood pressure by vasodilation due to vascular endothelium-
dependent smooth muscle cell hyperpolarization [11]. Finally, potassium intake 
can also modulate baroreceptor sensitivity, and reduce vascular sensitivity to 
 catecholamines [12].

Large epidemiologic studies have consistently appear significant but inverse 
associations between potassium intake and BP, independent of dietary salt intake 
[13–15]. Controlled interventional trials of vegetarian diets (typically higher in potas-
sium content) in both normotensive and hypertensive populations also demonstrated 
a BP-lowering effect [16, 17]. According to the seminal Dietary Approaches to Stop 
Hypertension (DASH) trial, a diet rich in fruits, vegetables, and reduced saturated 
and total fat (potassium content: 2776 vs. 1447 mg/day in the control group) substan-
tially lowered blood pressure [18]. Unfortunately, prospective clinical trials examin-
ing the independent BP effect from oral potassium supplementation have yielded 
conflicting results [19–21]. The effect size from potassium intake alone may be small; 
therefore, a larger number of study participants and a longer duration of follow-up 
are needed. To address these concerns, several meta-analyses were conducted and 
again confirmed the BP reduction effect from potassium supplementation [22–24]. 
A meta-analysis of 33 randomized controlled trials involving 2609 participants in 
whom potassium supplementation was the only difference between the intervention 
and control conditions, showed that potassium supplementation was associated 
with a significant reduction in mean (95% confidence interval) systolic BP (SBP) 
and diastolic BP (DBP) of −3.11 mm Hg (−1.91 to −4.31 mm Hg) and − 1.97 mm Hg 
(−0.52 to −3.42 mm Hg), respectively [22]. However, a small meta-analysis (n = 483) 
with a short duration of follow-up failed to show statistically significant BP reduc-
tion by potassium supplementation. Despite the lack of statistical significance in this 
meta-analysis, both SBP and DBP were reduced with potassium supplementation 
(mean difference in SBP: −11.2, 95% CI: −25.2 to 2.7; mean difference in DBP: −5.0, 
95% CI: −12.5 to 2.4) [25].

The BP-lowering effect by potassium appears to be modified by race, with indi-
viduals who identified as being Black, appearing to be particularly sensitive to the 
BP-lowering effect of potassium. According to a randomized, double-blind clinical 
trial, the reduction in SBP reached a mean of 19 mmHg compared to the 3.4 mmHg 
reduction in the overall study population [26]. Since there is a physiologic interdepen-
dency of sodium and potassium, the BP-lowering effect of potassium also appears to 
be modified by salt intake. Clinical studies have demonstrated that dietary potassium 
intake did not affect BP after salt restriction [21, 27]. However, higher potassium 
intake blunted the rising in BP after salt loading [28]. These were consistent with 
the epidemiologic studies showing that the BP-lowering effect of potassium was 
more discernible in participants who had a high sodium intake [22, 29]. As a result, 
a dietary sodium-to-potassium ratio is now being accepted as a better metric for 
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cardiovascular risk as compared to the separate dietary sodium or potassium values 
alone [30]. A 1:1 molar ratio of sodium to potassium is considered beneficial for 
health [31].

3.3 Insulin resistance and diabetes

Diabetes is a global epidemic affecting over 34 million Americans and 422 million 
people worldwide [32]. Studies examining the association between dietary potas-
sium intake and diabetes risk have been mixed and mostly unrevealing. This could be 
due to the lack of standardized measures of dietary potassium intake, and possibly a 
small effect size from dietary potassium manipulation alone. Total body potassium 
depletion has been linked to an increased risk for insulin resistance and diabetes. 
Medically-induced hypokalemia has been associated with reduced pancreatic β-cell 
sensitivity and insulin release in response to hyperglycemia. Potassium supple-
mentation corrected the defective insulin response to glucose, further implicating 
hypokalemia as the direct cause of glucose intolerance [33, 34]. Adding to the existing 
evidence, observational studies showed a significant inverse association between 
serum potassium levels and risk of incident diabetes [35, 36]. Genetic studies also 
demonstrated that mutations in genes coding for potassium channels on pancreatic 
β-cells affect insulin secretion. The KCNJ11 gene encodes for the ATP-sensitive potas-
sium channel in the pancreatic beta-cell and mutations in this gene have been linked 
to neonatal diabetes [37], with single nucleotide polymorphisms associated with 
increased susceptibility to type II diabetes [38]. Another potassium channel gene, 
KCNQ1, is also involved in insulin secretion and its polymorphisms have been associ-
ated with an increased risk for type II diabetes in Asian women [39].

3.4 Cardiovascular disease and survival

Physiologic increases in potassium concentration can inhibit superoxide anion 
formation by endothelial cells and monocytes/macrophages, leading to a reduction in 
oxidative stress and inflammation [40]. Higher physiological potassium concentra-
tions can reduce vascular smooth muscle cell proliferation and inhibit vascular throm-
bosis, leading to a reduction in ischemic events [41]. Oral potassium supplementation 
can also significantly improve endothelial function as measured by brachial artery 
flow-mediated dilatation, increase arterial compliance as assessed by carotid-femoral 
pulse wave velocity, decrease left ventricular mass, and improve left ventricular dia-
stolic function [42]. More importantly, since hypertension and diabetes are the two 
strongest risk factors for cardiovascular disease (CVD) and CVD mortality, higher 
potassium intake can theoretically reduce the risk of CVD and improve survival 
by lowering BP and improving insulin sensitivity. Indeed, the protective effect of 
potassium on CVD and survival is supported by a large randomized controlled trial of 
1981 Chinese veterans, in whom the use of potassium-enriched salt led to a significant 
reduction in CVD mortality (age-adjusted hazard ratio: 0.59; 95% CI: 0.37–0.95) 
[43]. A meta-analysis of 11 studies that included 247,510 adult participants (follow-up 
5–19 years) showed that higher potassium intake (by 1.64 g per day), was associated 
with a 21% lower risk of stroke (risk ratio (RR): 0.79; 95% CI: 0.68–0.90; p = 0.0007), 
and trended toward lower risk of CVD including coronary heart disease, which was 
statistically significant after the exclusion of a single cohort, based on sensitivity 
analysis (RR: 0.74; 95% CI: 0.60–0.91; p = 0.0037) [44]. In this meta-analysis, potas-
sium intake was assessed either by 24-h dietary recall, food frequency questionnaire, 
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or 24-h urinary excretion. Another meta-analysis of nine cohort studies also detected 
a protective effect of higher potassium intake on the risk of incident stroke (RR 0.76, 
95% CI: 0.66–0.89). However, potassium intake had a non-significant relation with 
incident cardiovascular disease (RR 0.88, 95% CI: 0.70–1.10) and coronary heart 
disease (RR 0.96, 95% CI: 0.78–1.19). Mortality analyses were not performed in this 
meta-analysis due to missing data [45].

3.5 Acid-base regulation

Tight blood pH control within a narrow range is essential for proper cellular and 
organ function.

The kidney plays a key role in bicarbonate reabsorption and generation, as well as 
proton excretion, to maintain acid-base homeostasis. This is achieved by ammonia-
genesis in the proximal tubule, where glutamine is transported internally and metab-
olized into ammonia, bicarbonate, and glucose [46]. This process can be dramatically 
upregulated in response to metabolic acidosis.

In animals under dietary potassium deprivation, protein expression of the 
glutamine transporter (system N transporter, SN1) in the proximal tubule was 
stimulated, along with an upregulation of key enzymes in glutamine catabolism 
including glutaminase, glutamate dehydrogenase, and phosphoenolpyruvate 
carboxykinase, leading to an enhanced ammoniagenesis. The increase in urinary 
ammonia formation and excretion is observed within 2 days of potassium deprivation 
while the blood potassium level is still maintained within normal limits. The observed 
effect was independent of systemic metabolic acidosis or changes in volume status 
[47]. In a human study where participants had moderate potassium depletion acutely 
induced by dietary potassium restriction (with sodium substitution), a significant 
increase in urine ammonia excretion was observed along with a rise in plasma 
bicarbonate and a reduction in blood acidity. None of the participants had increases 
in mineralocorticoid levels or evidence of chloride depletion [48]. In another study of 
human volunteers, acute potassium depletion was induced by dietary restriction alone 
or with additional use of potassium binding resin. There were increases in urinary 
excretions of both net acid and ammonium [49]. Similar findings were observed in 
patients with chronic potassium depletion. In a study of eight patients with chronic 
potassium depletion and 20 healthy controls, potassium depletion was associated with 
an almost two-fold higher ammoniagenesis measured by the amount of ammonia 
excreted in the urine plus the amount added to the venous blood. There was also an 
increased urinary ammonia excretion and an enhanced renal extraction of glutamine 
(56.6 ± 5.9 mumol/min/1.73 m2 vs. 34.6 ± 3.1 in controls). Total ammonia production 
was inversely correlated with serum potassium and directly correlated with urine 
flow. Stepwise multiple regression analysis again showed that serum potassium was 
the predominant factor affecting renal ammonia production [50].

While hypokalemia stimulates ammoniagenesis, hyperkalemia suppresses renal 
ammonia production in the proximal tubule and potentiates the development of 
hyperchloremic metabolic acidosis. In an experiment using renal tissue from animals, 
treatment with a higher potassium bath (7–25 vs. 4–5 meq/L) resulted in significantly 
less ammonia production and suppression of the catabolic pathway of glutamine [51]. 
In an animal study, chronic potassium loading leading to hyperkalemia resulted in a 
40% reduction in urinary ammonium excretion and a 50% reduction in whole kidney 
ammonium production. These animals also developed metabolic acidosis [52]. Similar 
findings were observed in a genetic animal model of hyperkalemia (DCT-CA-SPAK 
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mice), who developed co-existing metabolic acidosis and reduced ammonia excre-
tion [53]. These mice were found to have reduced proximal tubule expressions of key 
enzymes in ammoniagenesis and reduced ammonia transporter expression in the 
distal nephron. Treatment with hydrochlorothiazide corrected the hyperkalemia and 
metabolic acidosis, increased ammonia excretion, and normalized both enzyme levels 
in ammoniagenesis and distal nephron  ammonia transporter expression [53].

3.6 Kidney stones

Kidney stone disease is common in the general population with an estimated 
prevalence of around 10–15% in males and 3–5% in females [54]. Calcium-based 
kidney stones are the most common type (>80%), with high urine calcium excretion 
being a strong risk factor for stone formation [55]. Potassium is a key regulator of uri-
nary calcium excretion at the thick ascending limb of the loop of Henle. The Na/K/2Cl 
cotransporter (NKCC) reabsorbs sodium and potassium with potassium returning to 
the lumen via the renal outer medullary K channel (ROMK). This, in turn, results in 
a more positively charged milieu that promotes the reabsorptions of calcium through 
paracellular routes. Loss-of-function mutations in KCNJ1 coding for ROMK results in 
Bartter syndrome, with increased urinary calcium loss [56]. Body stores of potassium 
can affect potassium intraluminal availability, and therefore play a role in this intri-
cate regulation of calcium excretion. Furthermore, potassium deficiency has been 
shown to increase phosphorus excretion, which may lead to an increase in vitamin 
D and subsequent modulation of calcium homeostasis [57]. According to a study in 
adult volunteers, potassium administration increases, and potassium deprivation 
reduces urinary calcium excretion [58]. In this study, dietary potassium deprivation 
with a mean intake of 67 ± 8 mmol/day led to a significant increase in daily urinary 
Ca excretion (+1.31 ± 0.25 mmol/day, p < 0.005), which was later normalized after 
the administrations of either potassium chloride or potassium bicarbonate (90 mmol/
day). An independent association between dietary potassium intake and incident 
kidney risk was demonstrated in a large epidemiologic study [59]. Taylor et al. 
(2016) prospectively examined potassium intake and risk of incident kidney stones 
in the Health Professionals Follow-Up Study (n = 42,919), the Nurses’ Health Study 
I (n = 60,128), and the Nurses’ Health Study II (n = 90,629). After multivariable 
adjustment, there was a strong inverse association between potassium intake and risk 
of incident stones with a HR of 0.44 (95% CI: 0.36–0.53) for the HPFS, 0.57 (95% CI: 
0.45–0.72) for the NHS I, and 0.67 (95% CI: 0.57–0.78) for the NHS II (all P values for 
trend <0.001) [59].

3.7 Bone health

Bone health is determined by body calcium stores and acid-base balance with 
both calcium depletion and acidosis being among the strongest risk factors for bone 
mineral loss [60]. As mentioned earlier, potassium is a key regulator of both calcium 
homeostasis and acid-base balance. Potassium depletion can lead to renal calcium 
loss and stimulation of ammoniagenesis whereas potassium supplementation will 
preserve body calcium storage and may inhibit ammoniagenesis, if hyperkalemia 
is present. Therefore, potassium has long been thought to play an important role in 
bone health and osteoporosis prevention. The DASH diet, typically high in potassium, 
was also found to associate with improved biomarker profile for bone turnover [61]. 
However, epidemiologic studies using fruits and vegetables as a marker of potassium 
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intake have reported conflicting results [62–64]. This could be due to differences 
in various other dietary nutrients (such as acid, protein, calcium, phosphorus, and 
vitamins), which may be confounding the association between potassium and bone 
turnover. Indeed, findings from studies focusing on specific dietary potassium have 
been rather consistent [65–68]. In an analysis of the Framingham Heart Study, higher 
potassium intake was significantly associated with greater bone mineral density 
(BMD) and less decline in BMD in both men and women [65]. According to a large 
Korean population survey, dietary potassium intake was associated with improved 
bone mineral density in both older men (age > 50) and postmenopausal women [66]. 
Overall, participants in the highest tertile of potassium intake had a significantly 
higher total hip and femur neck BMD as compared to those in the lower tertile groups 
(p = 0.014, and 0.012 for total hip and femur neck respectively). Among postmeno-
pausal women, those in the highest tertile of potassium intake also had significantly 
higher lumbar, total hip, and femur neck BMD as compared to those in lower potas-
sium intake tertile groups (p = 0.029, 0.002, and 0.002 for lumbar spine, total hip, 
and femur neck respectively). Currently, there are only a few small clinical trials that 
have used potassium supplements to examine their effect on bone health. In a trial of 
201 healthy older adults (age ≥ 65), daily supplementation with 60 mmol potassium 
citrate resulted in significantly increased bone mineral density at the lumbar spine 
and improved bone microarchitecture compared to placebo [69]. Similar findings 
were observed in another randomized, placebo-controlled trial of 233 older adults 
aged 50 years and older. Supplemental potassium bicarbonate at 1–1.5 mmol/kg daily 
for 3 months led to a significantly reduced biochemical markers of bone turnover 
and urinary calcium excretion [70]. However, an earlier randomized controlled trial 
of 276 postmenopausal women (age 55–65), supplementation with potassium citrate 
at either 18.5 or 55.5 mEq/day for 2 years did not reduce bone turnover or increase 
BMD at the hip or lumbar spine compared with placebo [71]. The differences in the 
study population may be the reason for the different study findings. Thus far, there 
is no conclusive evidence proving an independent effect of potassium intake on bone 
health and turnover. Future large-scale randomized trials are needed.

4. Conclusion

Potassium is an essential mineral important for maintaining cell and organ func-
tion. It is naturally present in a wide variety of foods. Adequate potassium intake can 
provide many health benefits, including better blood pressure control, lower risk for 
diabetes and cardiovascular disease, and improved overall survival.
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Chapter 2

Potassium Homeostasis
Shakuntala S. Patil and Sachin M. Patil

Abstract

The average potassium intake in the United States population ranges from 
90 to 120 mEq/day. About 98% of the total body’s potassium is intracellular, and 
only 2% is present in the extracellular compartment. This distributional proportion 
is essential for cellular metabolic reactions and maintaining a gradient for resting 
membrane potential. A loss of this gradient results in hyper- or hypopolarization of 
the cell membrane, especially in cardiac muscles leading to life-threatening arrhyth-
mias. Multiple mechanisms in human maintain homeostasis. Transient initial changes 
are due to transcellular shifts activating sodium-potassium ATPase pumps on the cell 
membrane. The kidneys essentially take part in excess potassium excretion, main-
taining total body stores constant within normal range. Gastrointestinal secretion of 
potassium is insignificant in individuals with normal renal function, however plays 
an essential role in individuals with compromised renal function. So far, a classic 
feedback mechanism was thought to maintain potassium homeostasis; however, a 
recently recognized feedforward mechanism acting independently also helps preserve 
potassium homeostasis. Hence, potassium homeostasis is vital for humans to function 
at a normal level.

Keywords: potassium, homeostasis, gradient, renal, compartment

1. Introduction

The total body potassium (K+) in an average 70-kg adult is approximately 
3000–4000 mEq (50–55 mEq/kg) [1]. About 98% of this is intracellular, approxi-
mating to a concentration of 140 mEq/L and 2% in the extracellular compartment, 
which amounts to 4–5 mEq/L. Potassium’s two primary physiologic functions are 
cellular metabolism, protein, glycogen, deoxyribonucleic acid (DNA) synthesis, and 
resting potential membrane maintenance. Multiple physiologic processes have been 
identified in humans that maintain potassium homeostasis with a goal of appropriate 
tissue potassium distribution [1]. They can be classified into two groups based on the 
mechanisms involved: transcellular shifts and potassium excess excretion.

Transcellular mechanisms maintain the ICF (intracellular fluid): ECF (extracellu-
lar fluid) potassium ratio by acting immediately within the first few minutes to hours 
by regulating Na+/K+-ATPase (sodium/potassium adenosine triphosphatase pump), 
resulting in transcellular shifts. It is an electrogenic pump transporting sodium and 
potassium in the ratio of three sodium to two potassium. It is an integral membrane 
protein and serves as an ion channel, maintaining the electrochemical gradient 
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across the cell membrane. The delayed mechanisms are slower to kick in but play a 
significant role in the excretion of the excess potassium from the body via renal and 
gastrointestinal mechanisms.

2. Potassium homeostasis mechanisms

2.1 Factors responsible for the transcellular shift of potassium

2.1.1 Insulin

Insulin is released after a meal when the plasma glucose concentration increases. 
Insulin plays a vital role in shifting dietary potassium into the cells and avoiding 
hyperkalemia before the kidneys can work on the excretion of the extra potassium 
[2, 3]. Insulin attaches to specific cell surface receptors and inserts GLUT4 (glucose 
transporter type-4) into the cell membranes, promoting glucose uptake in insulin-
responsive tissues such as skeletal muscles, adipocytes, and cardiomyocytes. More 
than 80% of glucose is transported into the muscle cells. Also seen is an upregulation 
of the GLUT4-mediated glucose transport in elevated transport needs, like elevated 
blood glucose during a carbohydrate-rich meal or during increased metabolic 
demands by skeletal muscles during exercise [4]. The potassium uptake is also 
increased during this process by increasing the Na+/K+-ATPase activity. Insulin is also 
noted to have differential glucose and K uptake regulation, as noted in a metabolic 
syndrome where insulin-mediated glucose is compromised, but the cellular K+ uptake 
usually occurs [5, 6].

2.1.2 Catecholamines

Catecholamines play a critical role in potassium homeostasis. They alter internal 
K+ distribution by acting through alpha and beta receptors. Beta-2 receptors enhance 
K+ uptake by cells by activating the Na+/K+-ATPase pump [7, 8]. This effect appears 
to be present at basal catecholamine levels [9, 10]. The beta-adrenergic activity also 
increases insulin secretion from the pancreas by directly stimulating and enhancing 
glycolysis, which increases blood glucose levels. A stress response results in epineph-
rine release that causes an acute drop in plasma K+ by approximately 0.5– 0.6 mEq/L. 
Alpha-1,2 adrenoreceptors mediate the initial hyperkalemia by activating hepatic 
calcium-dependent potassium channels [11, 12]. Beta-3 adrenoreceptor stimulation 
may also affect the plasma potassium [12].

2.1.3 Exercise

Exercise causes an elevation in plasma K+ levels. The rise is proportional to the 
exercise intensity. There is an increase of 0.3–0.4 mEq/L with slow walking, 0.7–1.2 
mEq/L with moderate exercise, and a max of 2.0 mEq/L with strenuous exercise 
leading to exhaustion [13–15]. These changes are transient for few minutes and then 
normalize. This transient increase is due to the release of potassium from the exercis-
ing cells. Skeletal muscle cells have ATP-dependent K+ channels. A reduction of ATP 
(adenosine triphosphate) levels causes the opening of more K+ channels. The release 
of potassium from the muscles causes a local increase in the plasma K+ concentration, 
which causes vasodilation, and hence increases blood supply to the muscles during 
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exercise. This mechanism is attenuated in physical conditioning as there is an increase 
in both cellular K+ concentration and Na+/K+-ATPase activity.

2.1.4 Acid-base balance changes

The changes in acid-base balance cause alterations in K+ levels to maintain elec-
troneutrality. Hence, such changes are seen only in the setting of acidosis caused 
by inorganic acids. Electroneutrality is maintained by the movement of K+ and Na+ 
into the ECF, as chloride (Clˉ) movement into the cells is limited. The wide range 
of variation is possibly due to other mechanisms involved in regulating potassium 
homeostasis [16, 17].

Skeletal muscles also have another mechanism to regulate intracellular pH via Na+-
H+ exchanger present on the cell membrane to regulate intracellular pH. The exact 
mechanism is explained in Figure 1.

2.1.5 Plasma tonicity

The changes in plasma tonicity also affect K+ levels. Effective osmoles such as glu-
cose, mannitol, and sucrose accumulate in the ECF, resulting in an osmotic gradient 
that causes water movement from ICF to ECF [18–20]. This effect leads to a decrease 
in cell volume. During this process, the intracellular K+ concentration increases and 
causes K+ efflux through K+ permeable channels. This process is shown in Figure 2.

2.1.6 Plasma K+ concentration

The plasma K+ concentration itself influences the movement of K+ in and out of 
cells via passive mechanisms, hence regulating the homeostasis. For example, there is 

Figure 1. 
Intracellular pH regulation by skeletal muscles.
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an initial elevation of plasma K+ concentration after a K load, promoting K+ movement 
inside the cells. Similarly, in K+ losses either via gastrointestinal or renal processes, 
there is an initial fall in plasma K+ level in the plasma within the required normal range 
transiently, unless the total body K+ stores are significantly affected [21, 22].

2.1.7 Effect of cell breakdown and production on plasma potassium

Clinical conditions such as severe trauma, tumor lysis syndrome, acute tissue isch-
emia, and necrosis cause cell breakdown and release of intracellular K+ into the ECF 
[23]. The hyperkalemia severity is dependent on the ability of other cells to uptake the 
excess K+ and the capability of the kidney to excrete K+ quickly. Conversely, there is 
a movement of ECF K+ to ICF due to increased cellular metabolic needs like protein 
synthesis in situations with increase in rapid cell production. This effect is observed 
in cases of severe vitamin B 12 or folic acid deficiency. When such individuals are 
supplemented with vitamin B 12 or folic acid, there is a marked increase in eryth-
ropoiesis and red blood cell production, causing hypokalemia; hence, it is recom-
mended to monitor labs and supplement potassium to replete the levels [24].

2.2 Factors responsible for potassium excretion (renal)

The kidney plays a significant role in the excretion of excess K+ and maintaining 
K+ balance. The colon plays a trivial role as small amounts of K+ are lost through feces 
each day. Insignificant amounts are lost through sweat.

2.2.1 Potassium handling in proximal convoluted tubule (PCT)

Around 80% of the filtered potassium is reabsorbed in the proximal collecting 
tubule. The movement of K+ in the PCT is mainly passive, following sodium and 
water. The Na+ absorption increases across the PCT, by both active and passive pro-
cesses causing net fluid reabsorption. This process drives K+ reabsorption by solvent 

Figure 2. 
Plasma tonicity.
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drag. There is also a minimal change in the transepithelial voltage from negative to 
slightly positive as we move down the PCT, favoring K+ and calcium (Ca2+) reabsorp-
tion via the paracellular pathway (Figure 3) [2].

2.2.2 Potassium handling in thick ascending limb

K+ reabsorption in this segment occurs by both paracellular and transcellular 
pathways. Na+/K+/Clˉ co-transporter plays a significant role in the reabsorption of 
potassium here. This channel is located on the luminal side. The low-intracellular Na+ 
concentration and high-transcellular Na+ gradient caused by the Na+/K+-ATPase pump 
activity in the basolateral membrane help activate the Na+/K+/Clˉ co-transporter. This 
electroneutral process causes an increase in intracellular K+, which then exits via the 
K+/Clˉ co-transporter located in the basolateral membrane. A ROMK (renal outer 
medullary potassium channel) is present on the luminal side, allowing K+ out of the 
cell into the lumen. This activity helps maintain the Na+/K+/Clˉ co-transporter activity 
by recycling the K+ (Figure 4) [2, 25].

2.2.3 Potassium handling in distal convoluted tubule (DCT) and collecting duct

Less than 10% of the filtered load reaches the distal tubule. The lumen’s K+ con-
centration increases down the lumen and is secondary to voltage-dependent K+ secre-
tion mediated by the ROMK channel. Late DCT has an epithelial Na+ channel (ENaC) 
responsible for sodium absorption and creating lumen-negative electrochemical 
gradient and hence effusion of K+, similar to collecting duct [26].

Most potassium secretion is in the connecting segment and the collecting tubules 
(cortical, outer medullary, and inner medullary). This secretion varies according to 
the physiologic needs of the body. The connecting tubule has two major types of cells: 
principal cells and intercalated cells.

Figure 3. 
Potassium handling in proximal convoluted tubule (PCT).



Potassium in Human Health

24

In principal cells, K+ movement out of the cell into the tubular lumen is due to 
the electrochemical gradient generated by the entry of Na+ into the cell via the ENaC 
channel located on the luminal side. The Na+/K+-ATPase pump at the basolateral 
membrane moves 3 Na+ out of the cells in exchange for 2 K+ creating a favorable 
concentration gradient. The gradient leads to the movement of Na+ from the tubular 
lumen into the cell. This movement creates a negative voltage on the luminal side. This 
electrochemical gradient favors K+ secretion into the lumen. It also promotes paracel-
lular reabsorption of chloride (Figure 5) [27].

Intercalated cells are of two types, type A and type B, involved in acid-base 
regulation. In type A cells, the H+/K+ATPase pump on the luminal side results in 

Figure 5. 
Potassium handling in principal cells.

Figure 4. 
Potassium handling in the thick ascending limb.
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H+ secretion and K+ reabsorption (Figure 6) [28, 29]. The activity of this pump is 
increased in K+-depleted states and decreased in the setting of elevated K+ levels.

In intercalated type B cells, the reabsorption of K+ is along with the Clˉ reabsorp-
tion via Clˉ/HCO3ˉ exchanger, which is a proposed mechanism and not yet substan-
tially proven (Figure 7) [29–31].

2.3 Role of aldosterone in potassium homeostasis

Aldosterone is a steroid hormone. It enters the cell, binds with a cytosolic receptor 
and moves to the nucleus, increasing the synthesis of sgk mRNA (serum and gluco-
corticoid regulated kinase messenger ribonucleic acid), resulting in sgk protein [32]. 

Figure 6. 
Potassium handling in intercalated type A cell.

Figure 7. 
Potassium handling in intercalated type B cell.
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sgk protein stimulates the ENaC activity sevenfold. An increase in serum K+ levels as 
little as 0.1–0.2 mEq/L can stimulate significant aldosterone levels [33].

2.4 Tubular flow and potassium secretion

Increasing the distal tubular flow rate potentiates K+ secretion in those segments. 
This effect is more prominent when a person consumes a high K+ diet as it also causes 
a simultaneous increase in aldosterone levels. Under normal circumstances, the 
fluid entering the distal tubule has a K+ concentration of <1 mEq/L as most of the 
K+ filtered is absorbed in the earlier parts of the nephron. Due to water reabsorp-
tion in the presence of ADH (antidiuretic hormone) and K+ secretion in the tube’s 
distal parts, the tubular K+ concentration increases. However, if the distal flow rate is 
increased, enhanced flow washes the secreted K+, keeping the K+ concentration in the 
tubular fluid relatively lower and creating a favorable concentration gradient for K+ 
 secretion [34, 35].

Increased distal flow also increases Na+ delivery to the distal nephron, increasing 
Na entry into the cells and potentiating the changes to create a favorable electro-
chemical gradient for K+ secretion.

Two major K+ channels are found in the thick ascending loop, DCT, cortical, 
and medullary collecting ducts. ROMK, also known as the constitutive K+ secretary 
channel, is responsible for K+ secretion during normal tubular flow. Cortical ROMK 
expression is upregulated by aldosterone and increased plasma K+ concentration, 
whereas medullary ROMK expression is regulated by plasma K+ levels and not 
aldosterone.

BK channels are also known as big/large conductance channels or “Maxi K” 
channels opened by the high tubular flow, hence were earlier called a flow-dependent 
channel. High tubular flow increases Na+ delivery and eventually causes apical 
membrane depolarization. The depolarization leads to increased intracellular calcium 
levels and activates the BK channels. Recent studies suggest that K+ secretion by 
ROMK is also increased in the setting of increased tubular flow. Both these channels 
work together in maintaining potassium homeostasis and preventing hyperkalemia. 
Either of them is upregulated in the absence of the other channel [36].

2.5 Role of the colon in potassium homeostasis

The primary absorption site for K+ from the diet is the small intestine. The colon 
plays a minimal role in the absorption and secretion of potassium. Potassium secre-
tion occurs primarily by passive mechanisms; however, in the rectum and sigmoid 
colon, K+ is secreted by an active process [37].

Animal studies have shown that active K+ secretion is mediated by apical K+ chan-
nels, which coordinate with the basolateral Na+/K+/Clˉ co-transporter. Intermediate 
conductance K+ (IK) and large-conductance K+ (BK) channels are present on the 
apical membrane of colonic epithelia. In patients with chronic renal insufficiency, 
especially when creatinine clearance is less than 10 mL/min, the net colonic K+ secre-
tion increases compared to normal renal function due to increased expression and 
activity of the BK channel. Colonic K+ losses increase in the setting of diarrhea and by 
using cation resins (e.g., sodium polystyrene sulfonate) [38].
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2.6 Feedforward control of potassium balance

Feedforward control means the response to a specific signal is preset and happens 
irrespective of the changes in the environment, unlike in the feedback mechanism 
where the changes in the environment control the pathway.

An increase in dietary intake of K+ causes an increase in renal excretion of 
potassium, even though the K+ concentration is not sufficient to cause any changes 
in plasma K+ concentration or stimulate aldosterone. It was also noted that this 
mechanism acts independently and is not altered by changing the tubular flow rate of 
urine, urine pH, renal Na+ excretion, or an aldosterone antagonist. `The feedforward 
mechanism is wholly dissociated from the common pathways involved in the feedback 
mechanisms of K+ homeostasis [39].

The precise mechanism is still unknown, but it is hypothesized that there is a 
possible gastrointestinal-renal signaling pathway in humans responsible for this 
feedforward control of K+ homeostasis [40].

2.7 Circadian rhythm and potassium levels

Potassium excretion is also influenced by the circadian rhythm irrespective of the 
activity levels or posture. The peak potassium excretion is observed in the middle 
of the day [41]. The presence of an oscillator system in DCT, connecting tubule and 
cortical collecting duct renal tubular cells, is responsible for the circadian variation 
of potassium excretion. The pathway includes cellular receptors for central nervous 
system signals, intracellular messenger’s, effectors, and renal tubule membrane 
transporters [42]. The oscillations result in circadian gene and transcriptional factor 
expression changes modifying the expression of vasopressin V2 receptor and mul-
tiple transcellular channels (Aquaporin 2, Aquaporin 4, alpha ENaC, and ROMK-1), 
maintaining the plasma sodium and potassium concentration [39, 43]. ROMK gene 
expression is higher during physical activity, whereas the H+/K+ATPase gene expres-
sion is higher at rest [44]. Circadian rhythm causes a variation in aldosterone secre-
tion, thus impacting renal potassium excretion [45].

3. Conclusion

To maintain a normal potassium concentration, both the feedback and feedfor-
ward mechanisms work in tandem. After a potassium-rich diet, the increased plasma 
potassium levels gain entry into the cells via transcellular processes. At the same time, 
the body gears up to activate the renal and the colonic potassium excretion. This is 
the classical feedback pathway, whereas the feedforward pathway acts independently. 
Understanding the intricate mechanisms of potassium homeostasis in humans is a 
must in our clinical approach to potassium disorders for effective treatment strategies.
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Acronyms and abbreviations

K+ potassium
mEq/L milliequivalent/liter
kg kilogram
DNA deoxyribonucleic acid
ICF intracellular fluid
ECF extracellular fluid
Na+/K+-ATPase sodium/potassium-adenosine triphosphatase
Na+ sodium
GLUT4 glucose transporter type 4
ATP adenosine triphosphate
Clˉ chloride
pH a scale used to specify the acidity or basicity of an aqueous solution
H+  hydrogen
MCT monocarbohydrate transporter
NHE1 sodium hydrogen exchanger 1
PCT proximal convoluted tubule
Ca2+  calcium
Na+/K+/Clˉ
co-transporter 

sodium/potassium/chloride co-transporter

ROMK renal outer medullary potassium channel
DCT distal-convoluted tubule
ENaC epithelial sodium channel
H+/K+ATPase hydrogen/potassium adenosine triphosphatase
Clˉ/HCO3ˉ
exchanger 

chloride/bicarbonate exchanger

mRNA messenger ribonucleic acid
ADH antidiuretic hormone
BK/Maxi K
channels 

big/large conductance channels

IK intermediate conductance
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Potassium Derangements: 
A Pathophysiological Review, 
Diagnostic Approach, and Clinical 
Management
Sairah Sharif and Jie Tang

Abstract

Potassium is an essential cation critical in fluid and electrolyte balance, acid–base 
regulation, and neuromuscular functions. The normal serum potassium is kept within 
a narrow range of 3.5–5.2 meq/L while the intracellular concentration is approxi-
mately 140–150 meq/L. The total body potassium is about 45–55 mmol/kg; thus, a 
70 kg male has an estimated ~136 g and 60 kg female has ~117 g of potassium. In 
total, 98% of the total body potassium is intracellular. Skeletal muscle contains ~80% 
of body potassium stores. The ratio of intracellular to extracellular potassium con-
centration (Ki/Ke) maintained by Na+/K+ ATPase determines the resting membrane 
potential. Disturbances of potassium homeostasis lead to hypo- and hyperkalemia, 
which if severe, can be life-threatening. Prompt diagnosis and management of these 
problems are important.

Keywords: potassium, transcellular shift, renal excretion, hypokalemia, 
hyperkalemia

1. Introduction

1.1 Cellular shift of potassium

The body maintains potassium (K) homeostasis by two key mechanisms: trans-
cellular shift and renal K reabsorption/excretion [1–7]. The transcellular shift acts 
immediately within minutes to hours in response to K disturbances in the extracel-
lular fluid. This is also called internal K balance. Cellular shifting is extremely 
important in the body’s defense against K disturbances in the extracellular space. 
Without transcellular redistribution, even small disturbances in K balance could lead 
to life-threatening potassium derrangements.

Important internal K regulators are catecholamines, insulin, thyroid hormone, 
tonicity, mineral acidosis, and various medications [8–10]. Insulin binds to cellular 
receptors, leading to increased activity of glucose transporter (GLUT4) and Na+/ 
K+ ATPase, while catecholamines (via beta2 adrenergic receptors) also upregulate 



Potassium in Human Health

34

Na+/ K+ ATPase. This in turn causes uptake of K into cells. Alpha-adrenergic receptor 
stimulation shifts K into the extracellular space; however, under physiological condi-
tions, this effect is less significant. Theophylline and caffeine exert the same effect 
by increasing the activity of Na+/ K+ ATPase via inhibition of cellular phosphodies-
terase and degradation of cyclic adenosine monophosphate (cAMP). There are some 
important blockers of cellular K channels that prohibit exit of K from cells, causing 
severe life-threatening hypokalemia. Examples of these entities include: chloroquine, 
verapamil, barium, and cesium [11–16]. Rapidly dividing cells with high metabolic 
activity, as seen during initiation of therapy for megaloblastic anemia, could cause 
large K shifts into cells and consequently hypokalemia [16]. Extracellular mineral 
acidosis downregulates Na+/H+ exchanger 7 [7, 9]. This downregulates the activity 
of Na+/K+ ATPase and ultimately K released out of cells. Metabolic alkalosis has the 
opposite effect with K shifting intracellularly. Finally, changes in plasma osmolality 
also lead to cellular K shifts.

1.2 Periodic paralysis

Periodic paralysis (PP) includes a group of rare neuromuscular disorders charac-
terized by episodic paralysis. It includes three main phenotypes: hypokalemic periodic 
paralysis, hyperkalemic periodic paralysis, and thyrotoxic periodic paralysis. Both 
genetic and acquired forms of the disorder have been described. The genetic form 
is usually caused by mutations in the calcium channel (CACNA1S, 60%), sodium 
channel (SCN4A, 20%), and less commonly inward rectifying potassium channels 
(KCNJ2, KCNJ18) [17–20]. The genetic mutations alone would not cause K to shift, 
but instead sensitize skeletal muscle to changes in serum K [21]. In hypokalemic PP 
symptoms are triggered after there is a drop in K due to cellular shifting such as a car-
bohydrate rich meal, exercise, or K losses. In hyperkalemic PP symptoms are usually 
triggered after K-rich food or severe exercise. Acquired thyrotoxic periodic paralysis 
is more prevalent in Asian populations from China, Taiwan, Japan, and Philippines. 
Patients are generally young males with a history of recurrent partial or complete 
paralysis, with a tendency to affect lower limbs more than upper limbs. The episodes 
may also be precipitated by exercise or carbohydrate-rich meals. The condition is 
triggered by transcellular K shift in response to an enhanced catecholamine action 
mediated by thyroxine [22].

1.3 Renal handling of potassium

Potassium is freely filtered across the glomerular membrane (Figure 1). 
Approximately 90% of K is reabsorbed by the early part of the tubule and less than 
10% reaches the distal nephron. The bulk of the reabsorption takes place in the 
proximal convoluted tubule (PCT), which accounts for ~65–70% of the filtered K, 
followed by the thick ascending limb (TAL), which accounts for ~25%. The more 
distal nephron reabsorbs or secretes K based on the body requirements, thus playing a 
critical role in maintaining K balance [23, 24].

In the PCT, the Na+/ K+ ATPase drives the active sodium reabsorption. This causes 
net inward fluid movement, including passive reabsorption of K with water due to 
solvent drag. In the ascending limb of the loop of Henle, the main channels are apical 
sodium/potassium/chloride co-transporter (NKCC2), apical renal outer medullary 
potassium channel (ROMK), and basolateral Na+/ K+ ATPase. The reabsorption of 
K takes place via NKCC2 [25]. The distal nephron consists of early distal convoluted 
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tubule (DCT1), late distal convoluted tubule (DCT2), connecting tubule (CNT), and 
collecting duct (CD). DCT1 contains apical Na+ Cl− cotransporter channel (NCC), 
basolateral Na+/ K+ ATPase, and basolateral heteromeric K+ channel (Kir 4.1/ 5.1), 
among others. DCT2 is a transition between DCT1 and CNT with epithelial sodium 
channel (ENaC) expressions. NCC is regulated by two proteins from the serine/
threonine kinase family called with-no-lysine (WNK) 1 and 4 [26], which in turn are 
regulated by Kir 4.1/ 5.1. Loss of function mutation in Kir 4.1/ 5.1 depolarizes DCT, 
inactivates NCC, and results in salt wasting. This will modify ENaC action downstream 
and affect K secretion [27]. Recent studies indicate that Kir 4.1/5.1 can sense dietary 
K changes. A high K diet can inhibit Kir 4.1/ 5.1, whereas a low K diet activates it [28]. 
As such, Kir 4.1/ 5.1 plays an important role in K homeostasis via sensing K intake and 
modulating NCC and ENaC activities [29, 30]. In the collecting duct (CD), there are 
two types of cells—principal cells and intercalated cells (alpha and beta). The main 
channels involved are basolateral Na+/K+ ATPase, apical ENaC, ROMK, and Maxi-K 
(flow dependent) channels. Aldosterone binds to its mineralocorticoid receptor (MR) 

Figure 1. 
Schematic representation of renal tubular handling of potassium. Urinary potassium is excreted after filtration, 
reabsorption, and secretion along the tubules. Over 90% of reabsorption of potassium takes place in the PCT 
and TAL, whereas DCT, cortical and medullary CD have capacity for variable reabsorption and secretion. PCT 
proximal convoluted tubule, TAL thick ascending limb, DCT distal convoluted tubule, CD collecting duct.
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and stimulates ENaC expression [31]. The net result is enhanced Na reabsorption 
that causes luminal electronegativity and drives K excretion via ROMK channel. The 
increased urine flow in this nephron segment can also enhance K loss via Maxi-K.

1.4 Aldosterone paradox

Aldosterone paradox [32] refers to the ability of aldosterone to stimulate reabsorp-
tion of sodium without excessive secretion of K in the setting of volume depletion and 
its ability to stimulate K excretion without sodium retention during hyperkalemia and 
euvolemia. Volume depletion leads to an activation of the renin angiotensin aldo-
sterone system (RAAS) and a drop in glomerular filtration rate (GFR). The reduced 
urinary flow and Na delivery will limit the amount of K secretion. Furthermore, 
angiotensin II (AT II) can directly inhibit ROMK activity when there is a K deficit 
[33]. In hyperkalemia, distal delivery of sodium and urine volume is preserved due 
to the lack of AT II stimulation, allowing sufficient K secretion stimulated by the 
increase in aldosterone [34]. As a result, excessive fluid retention is not present.

1.5 Adaptation to hyperkalemia

Due to the renal adaptive responses, normal extracellular K levels are usually 
maintained even when there is a significant fall in GFR [35]. Hyperkalemia only 
develops when there is a severe defect in the distal nephron. This is due to “Potassium 
Adaptation” from changes in the remaining intact distal nephron, where it undergoes 
an adaptive increase in expressions of ROMK, ENaC, and Na+/K+ ATPases in order to 
maintain body K homeostasis. This change is in part due to higher aldosterone levels 
and will achieve a new steady state. However, it should be noted this steady state in 
chronic kidney disease (CKD) is delicate and can be easily disrupted again with an 
increased K intake or use of RAAS inhibitors [36].

Under normal circumstances, the gastrointestinal tract, responsible for 5–10% of 
K excretion, plays a minimal role in K balance. However, it can adapt in times of K 
derangement by increasing K excretion in cases of advancing CKD. Studies indicate 
at cellular level, this is due to increased expression of Na+/K+ATPase and the apical 
colonic BK channels 41 [37, 38]. This gastrointestinal adaptation plays an instrumental 
role in maintaining K homeostasis in end stage renal disease (ESRD) patients [39, 40].

1.6 Renal circadian rhythm

The kidneys play a major role in regulating K balance, excreting ~90% of the 
dietary K load [41, 42]. The renal K excretion follows a circadian rhythm regulated 
by central (suprachiasmatic nucleus) and peripheral (renal cells) biological clocks 
[43]. Full details of this control mechanism are still poorly defined and are beyond 
the scope of this chapter. Suffice to say that even with destruction of suprachiasmatic 
nucleus, the kidneys are able to maintain a circadian excretion of K. Elegant stud-
ies have demonstrated that maximum kaliuresis occurs at noon, reaches a nadir at 
midnight, and rhythm is maintained with a high K diet as well [44].

1.7 Pseudo-hyper and hypokalemia

Pseudohyperkalemia is defined as an elevation of serum K by more than 0.3 meq/L 
over the plasma K [45]. Pseudohyperkalemia can result from either mechanical 
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trauma of cells during phlebotomy [46] or a transcellular shift of K out of cells in 
the test tube. It is commonly seen when there is extremely elevated leukocyte [47], 
erythrocyte, or thrombocyte counts [48]. One study suggested that every 100,000/ml 
rise in platelet count correlated with a K rise by 0.15 meq/L. There is a rare autosomal 
dominant disease called familial pseudohyperkalemia where at lower temperatures 
(usually <20°C), red blood cell membranes can leak K leading to pseudohyperkalemia 
[49]. This can also occur in hereditary spherocytosis [50]. Rarely reverse pseudohy-
perkalemia can be seen when plasma K is falsely elevated over the serum K. It has 
been reported in patients with severe leukocytosis and heparin-induced cell lysis [51]. 
In such cases, arterial blood gas analysis is more accurate.

Pseudohypokalemia can occur in vitro if there is an extremely high leukocyte 
count (>100,000/ml) or can be temperature-induced [52]. Delayed transport of 
samples in hot temperatures has been implicated in pseudohypokalemia due to the 
temperature-mediated stimulation of Na+/K+ ATPase [53, 54]. It can be prevented 
with cold storage of samples at 4 deg. C or if plasma or serum is rapidly separated 
from cells.

2. Hypokalemia

2.1 Epidemiology

Hypokalemia is defined as serum K level less than 3.5 mEq/L, whereas severe 
hypokalemia is defined as K level below 2.5 meq/L [55]. Hypokalemia is common 
with its prevalence reaching 14% in the community setting and 20% among hospital-
ized patients [56, 57]. In a study of patients with CKD, hypokalemia was associated 
strongly with an increased mortality (Hazard ratio 1.49, 95% confidence interval 
1.26–1.76) [58]. Similar mortality association was observed in another study in 
patients with CKD and other comorbidity [59].

2.2 Etiopathogenesis

Etiologies of hypokalemia include intracellular shifting, reduced intake, increased 
excretion, or a combination of these factors. Reduced intake should always be sus-
pected in patients whom are ill with evidence of malnutrition, having eating disor-
ders, or abusing alcohol. Excessive K loss may occur from the gastrointestinal tract, as 
seen in diarrhea, malabsorption, colonic diseases such as inflammatory bowel disease, 
and hypersecretory adenomas.

Renal losses could be due to endocrine disorders or tubular cell defects including 
channelopathies or receptor abnormalities. Proximal tubular defects can lead to a 
variety of electrolyte problems including hypokalemia and metabolic acidosis. These 
defects could be inherited (Fanconi syndrome) or acquired in the setting of systemic 
disease or drug use. In the thick ascending limb, inherited (Bartter syndrome) or 
acquired defects (i.e., hypercalcemia, loop diuretic use) in NKCC2 or in any other 
relevant channels/sensors at this nephron segment can also lead to hypokalemia, 
along with volume depletion and metabolic alkalosis 60 [60–63]. Several transporters 
orchestrate K reabsorption in the thick ascending limb. Na+/K+ ATPase provides the 
driving force for NKCC2, which reabsorbs sodium, K, and chloride. Additionally, there 
is a calcium-sensing receptor in the basal-lateral surface, which can inhibit NKCC2 
upon stimulation. Similarly, in DCT1, several channels work alongside to promote 
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salt absorption. A defect in NCC will lead to Gitelman syndrome, and its suppression 
by medications such as thiazide diuretics will share a similar phenotype [64]. The salt 
wasting present in both Bartter and Gitelman syndrome is associated with an increase 
in distal urine flow and secondary RAAS stimulation and subsequent K loss.

In the CD, hypokalemia is usually caused by an overactive RAAS axis such as renin 
tumor, renovascular hypertension, aldosterone oversecretions, and glucocorticoid 
remediable hypertension (GRA) [65]. De novo activation of ENaC, can also result 
from non-aldosterone-mediated activation of MR or gain-of-function mutation of MR 
[66–69]. Finally, drugs such as licorice, carbenoxolone, and gossypol can also lead to 
an enhanced mineralocorticoid action [16]. Magnesium deficiency in the presence of 
aldosterone stimulation will exacerbate K losses in the distal nephron via ROMK [70].

2.3 Clinical features

Clinical symptoms depend on the timing and severity of hypokalemia, as well as 
the presence of certain comorbidities. Symptoms are more evident if serum K falls 
below 3 meq/L, hypokalemia is relatively rapid, concomitant use of digoxin [71, 72], 
and ischemic heart disease [16]. Since K is critical for maintaining and modulating 
resting membrane potential, both cardiac and skeletal muscles can exhibit electro-
physiologic changes in response to hypokalemia leading to arrhythmias, paresis, and 
paralysis [73]. The electrocardiogram (ECG) may show tall P waves, prominent J 
waves, ST-segment depression, prolonged QT interval, T wave flattening, U wave, 
premature ventricular contraction, and ventricular tachycardia [74].

Other symptoms of hypokalemia include generalized ascending muscle weakness, 
pain, and ileus. Severe hypokalemia can also trigger rhabdomyolysis. Renal effects of 
hypokalemia include nephrogenic diabetes insipidus, ammoniagenesis with subse-
quent activation of alternative complement pathways [75] resulting in inflammation 
and fibrosis [76].

3. Diagnostic approach

3.1 Initial evaluation

The clinical investigation of hypokalemia starts with a thorough history and 
physical examination, followed by laboratory testing including a full metabolic panel 
(Figures 2 and 3). It is important to rule out pseudohypokalemia and assess cellular 
shifting.

3.2 Renal potassium excretion

The normal kidney responds to hypokalemia by lowering the K excretion. 
However, even if a patient has no oral intake, the obligatory K excretion is ~15 meq/
day [77]. It’s useful to quantify renal K excretion (spot or 24 hours) to determine if 
there is appropriate renal conservation [55].

3.3 Blood pressure and acid: Base status

If a patient has metabolic acidosis, consider differentials of gastrointestinal losses, 
proximal renal tubular acidosis (pRTA), distal renal tubular acidosis (RTA type 1), 
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or diabetic ketoacidosis (DKA) [77]. Of note, typically gastric losses tend to cause 
metabolic alkalosis while intestinal losses will cause nongap metabolic acidosis. When 
metabolic alkalosis is present with normal or low blood pressure, the differential 
diagnosis should include salt wasting syndromes beyond the proximal tubule such 
as Bartter syndrome, Gitelman syndrome, and diuretic use [55]. When hypertension 
and metabolic alkalosis are present, plasma renin, aldosterone, and aldosterone-to-
renin ratio (ARR) should be checked for a deranged RAAS axis (Figures 2 and 3). 
High renin levels may indicate renin-secreting tumor or renovascular hypertension. 
When aldosterone is high and renin is suppressed, there is suspicion for hyperaldoste-
ronism or glucocorticoid remediable hypertension (GRA). When both renin and aldo-
sterone are suppressed, there is pathological activation of ENaC via non-aldosterone 
mechanism (some types of CAH, apparent mineralocorticoid excess (AME), Liddle’s 
syndrome, Geller syndrome, hypercortisolism). Further testing includes checking 

Figure 2. 
A diagnostic approach to hypokalemia (part 1).
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the adrenal axis with imaging and endocrine labs (11 beta hydroxylase, or 17 alpha 
hydroxylase deficiency) [78, 79], cortisol, genetic testing for AME, Liddle syndrome, 
GRA, and Geller’s syndrome [80].

Figure 3. 
A diagnostic approach to hypokalemia (part 2). Abbreviations: RTA renal tubular acidosis, GRA glucocorticoid 
remediable Aldosteronism, AME apparent mineralocorticoid excess (11 beta hydroxysteroid dehydrogenase 
deficiency), CAH congenital adrenal hyperplasia (17 alpha hydroxylase, 11 beta hydroxylase deficiency), 
HTN hypertension. * adrenal adenoma, adrenal hyperplasia, adrenal carcinoma. # loop diuretics, thiazide 
diuretics.
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3.4 Management

An ECG is recommended to rule out cardiac dysrhythmias. It is important to treat 
the underlying cause, reduce losses, and replenish body K stores. Severe hypokalemia 
warrants closer cardiac monitoring. There is a rough estimation that a 1 meq/L fall in 
serum K represents a total body K deficit of 200–400 meq [6]. This could be repleted 
orally or intravenously. Intravenous K repletion warrants cardiac monitoring. It’s 
preferable to give the solution in saline as dextrose causes insulin release and may 
further drop the serum K. In patients with CKD or ESRD, K repletion is based on cau-
tious evaluation by the nephrology team. Hypomagnesemia should also be corrected 
if present.

4. Hyperkalemia

4.1 Epidemiology

Hyperkalemia is defined as serum K > 5.2 meq/L. It is also a common and clinically 
relevant problem. Studies reported 2.5–4% prevalence rates in emergency visits and 
inpatient hospitalizations in the United States and Canada [81, 82]. As expected, the 
prevalence rate is much higher in patients with compromised kidney function. In 
a study of 238 patients with estimated GFR of 15 ml/min/1.73m2, 31.5% had serum 
K > 5.5 meq/L, [83]. In another study of men with GFR < 37 ml/min/1.73 m2, 7.7% 
had serum K > 5.3 meq/L [84]. Its prevalence is also high (5–40%) in renal transplant 
recipients due to calcineurin inhibitor use [85]. Like hypokalemia, hyperkalemia is 
also associated with a higher mortality. In a meta-analysis of over 1.2 million patients 
with CKD (average GFR 83 ml/min/1.73m2), serum K concentrations >5.5 meq/L 
were associated with a hazard ratio of 1.22 for mortality (95% confidence interval 
1.15–1.29) [58].

4.2 Etiopathogenesis

Hyperkalemia is caused by excessive intake, extracellular shift or release, and 
reduced renal excretion. In diabetic ketoacidosis, the relative insulin deficiency along 
with osmotic forces and extracellular acidosis can lead to hyperkalemia despite total 
body K depletion [9]. Normal saline can induce hyperchloremic acidosis and cause 
K shifting [86]. Both rhabdomyolysis and tumor lysis can also result in extensive K 
release into the extracellular space leading to severe hyperkalemia.

GFR is a critical factor in the renal excretion of K [87]. A GFR < 15 ml/
min/1.73 m2 is an important risk factor for hyperkalemia [88]. Patients with diabetes 
mellitus and RAAS inhibition also have reduced renal K excretion and can develop 
hyperkalemia. The elimination of K for the most part is controlled via aldosterone, 
but an elusive aldosterone-independent mechanism also appears to exist [89]. 
Aldosterone is synthesized by aldosterone synthase (AS) in the adrenal cortex in 
response to volume depletion and hyperkalemia. Aldosterone deficiency or lack of 
its action can lead to hyperkalemia. Common causes are hypoaldosteronism (seen 
in diabetes, Addison’s disease, obstructive uropathy, renal tubular acidosis type 4), 
and pseudohypoaldosteronism (PHA). PHA type I is caused by mutations in MR, 
whereas PHA type II is caused by mutations in WNK 1 or WNK 4 leading to increased 
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activation of NCC, reduced distal sodium delivery, and ultimately reduced K secre-
tion via ROMK. Other genetic defects in enzymes involved in cortisol or aldosterone 
synthesis can also lead to hyperkalemia, i.e., 21 hydroxylase, or aldosterone synthase 
deficiency [90, 91].

Drugs are important causes of hyperkalemia (Table 1). Most of them act on 
the RAAS axis. Calcineurin inhibitors (CNI) are commonly used in the transplant 
population and can reduce the expressions of both aldosterone and its receptor 
[94, 95]. CNIs may also increase NCC activity leading to sodium retention and a 
reduction in K excretion in the distal nephron [96]. Finally, constipation can also 
contribute to hyperkalemia especially in patients with end-stage kidney disease. As in 
those patients, a compensatory increase in colonic K excretion contributes to daily K 
homeostasis.

4.3 Clinical features

The most important manifestation of hyperkalemia is cardiac dysrhythmia. ECG 
changes often follow the severity of hyperkalemia. Initially “peaked T wave” is seen 
due to shortening of depolarization. With progressive worsening of hyperkalemia, 
PR prolongation, disappearance of P wave, and marked widening of QRS complex 
will follow [97]. Ultimately patients can develop intraventricular blocks, bradycardia, 
ventricular arrhythmias [97–100] such as asystole, ventricular fibrillation, pulseless 
idioventricular rhythm [97] and cardiac arrest [101]. On rare occasions, it can cause 
myopathy or paralysis [102].

5. Approach to diagnosis

5.1 Initial evaluation

Assessment of hyperkalemia starts with patient history, physical examination, fol-
lowed by full metabolic panel, blood gas, urine studies, and ECG. Pseudohyperkalemia 
(Figure 4) should be suspected in a patient with abnormally high blood cells. 
Cellular shifting is mainly due to mineral acidosis, beta blockade, insulin resistance 
or deficiency. To check for cellular breakdown, serum measurements for creatine 

Mechanism of Action Examples of Drugs

Blocks ENaC Amiloride, trimethoprim, pentamidine

Inhibits Renin DRI, heparin

Inhibits ACE ACEI

Blocks AR 1 ARB

Inhibit PG Synthesis NSAID

Na+/K+ ATPase Digoxin

Potassium Leakage from Cells Succinylcholine

Inhibits Aldosterone Synthesis CNI, heparin

Table 1. 
Drugs causing Hyperkalemia [92, 93].
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phosphokinase and lactate dehydrogenase will be helpful. Rarely patients with normal 
renal function can develop hyperkalemia if intake is excessive and/or concomitant 
inhibition of RAAS [103, 104].

Figure 4. 
A diagnostic approach to hyperkalemia. Abbreviations: RTA renal tubular acidosis, GFR glomerular filtration 
rate, PHA Pseudohypoaldosteronism, CAH congenital adrenal hyperplasia (21 hydroxylase deficiency). *Beta 
blocker, alpha 2 agonist, non-steroidal anti-inflammatory agent. **angiotensin converting enzyme inhibitor, 
angiotensin receptor blocker, renin inhibitor.
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5.2 Renal function and RAAS assessment

To assess the renal K excretion, random urine K, K/Cr ratio, fractional excretion of 
K, or 24 hr. urine K should be measured. The RAAS axis should also be evaluated by 
checking the plasma levels of renin and aldosterone. A high aldosterone level indicates 
a downstream antagonism of aldosterone action, commonly seen with obstructive 
uropathy, PHA, distal RTA type 4, and the use of certain drugs. If plasma aldoste-
rone level is low, then inherited or acquired causes of hypoaldosteronism should be 
suspected (Figure 4). Further testing can be done to evaluate for adrenal axis, such as 
ruling out cortisol deficiency with serum cortisol, ACTH, and 21 hydroxylase [88].

5.3 Management

Management of hyperkalemia depends on the severity, underlying cause and signs 
of serious complication, i.e., high-risk ECG changes. If hyperkalemia is severe and 
there are significant ECG changes, patients should get intensive care unit monitor-
ing. Hyperkalemia enhances depolarization of cardiac membrane, activates inward 
rectifying K channels [73, 99]. If a patient has ECG changes, intravenous calcium 
gluconate should be given to stabilize cardiac membrane potential. Calcium raises cell 
depolarization threshold, which reduces myocardial excitation [105]. Intracellular 
shifting of K by insulin, beta agonists, bicarbonate is also helpful.

In addition to restricting intake, medications including RAAS blockers should be 
temporarily discontinued. Due to their established benefit in renal and cardiovascular 
disease outcomes, RAAS blockers can be reinstituted after successful management 
of hyperkalemia and preventive measures are in place [106]. Potassium elimination 
can be increased via the kidneys and the colon. These decisions are based on serum K, 

Sodium Polystyrene 
Sulfonate [108, 113]

Patiromer [109] Sodium Zirconium Cyclosilicate 
[107, 110, 111, 114, 115]

FDA Approval 1958 2015 2018

Chemical 
Structure

Organic polymer/ 
resin

Cross-linked polymer Inorganic microporous compound

Sodium 
Content

100 mg/g None 80 mg/g

Mechanism of 
Action

Sodium/ Potassium 
exchange, 
nonspecifically 
binds potassium, 
magnesium, calcium

Calcium/ Potassium 
exchange, also binds 
magnesium

Potassium exchanged with sodium 
and hydrogen

Onset of 
Action

Hours to Days 7 hours 1 hour

Amount of 
Potassium 
lowered

1 meq/L with 30 g 1 meq/L with 8.4 g 0.7 meq/L with 10 g

Adverse 
Effects

Intestinal necrosis Hypomagnesemia, 
diarrhea, abdominal 
discomfort, flatulence

Nausea, vomiting, hypokalemia

Table 2. 
Colonic potassium binders [107–112].
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urine output, GFR, and other comorbidities. In a patient with reasonable GFR, loop 
and thiazide diuretics can be used.

Potassium binders are resins that can be administered enterally (Table 2). These 
resins bind to K in the colon and promote its elimination in the stool, and they are 
very effective. However, they require one to several hours for onset of action and an 
intact bowel function [10, 107, 116]. With life-threatening cardiac changes and low 
GFR, dialysis may be indicated. Hemodialysis is most efficacious in eliminating K and 
will remove 50–80 meq of K in a standard 4-hour session. Peritoneal dialysis can be 
tried, but it is slower in removal of K [117, 118].

6. Conclusion

Potassium is an integral intracellular cation. Any major disturbances in its homeo-
stasis can be detrimental. Transcellular shifting represents an effective initial body 
response to such disturbances, with the kidney as the ultimate site for final regula-
tion. Both hypo- and hyperkalemia are serious clinical problems and are associated 
with poor survival. Effective management includes correction of K, investigating 
underlying causes, and cardiac monitoring.

DRI Direct Renin Inhibitor, ACEI Angiotensin converting enzyme inhibitor, ARB 
Angiotensin Receptor Blocker, AR Angiotensin Receptor, CNI Calcineurin Inhibitor, 
NSAID Nonsteroidal anti-inflammatory drugs ENaC Epithelial Sodium Channel.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 4

Potassium and Cardiac Surgery
Shawn Kant, Frank W. Sellke and Jun Feng

Abstract

Potassium homeostasis affects cardiac rhythm and contractility, along with 
vascular reactivity and vascular smooth muscle proliferation. This chapter will focus 
on potassium dynamics during and after cardiac surgery involving cardioplegic 
arrest and cardiopulmonary bypass (CPB). Hyperkalemic, hypothermic solutions 
are frequently used to induce cardioplegic arrest and protect the heart during cardiac 
surgery involving CPB. Common consequences of hyperkalemic cardioplegic arrest 
and reperfusion include microvascular dysfunction involving several organ systems 
and myocardial dysfunction. Immediately after CPB, blood potassium levels often 
drop precipitously due to a variety of factors, including CPB -induced electrolyte 
depletion and frequent, long-term administration of insulin during and after surgery. 
Meanwhile, some patients with pre-existing kidney dysfunction may experience post-
operative hyperkalemia following cardioplegia. Any degree of postoperative hyper/
hypokalemia significantly elevates the risk of cardiac arrythmias and subsequent 
myocardial failure. Therefore, proper management of blood potassium levels dur-
ing and after cardioplegia/CPB is crucial for optimizing patient outcomes following 
cardiac surgery.

Keywords: potassium, hypokalemia, hyperkalemia, low potassium, high potassium, 
hyperkalemic cardioplegia, cardiopulmonary bypass, cardiac surgery, open heart 
surgery, postoperative arrhythmias, perioperative arrhythmias

1. Introduction

Intracellular and blood potassium levels have crucial effects on cardiovascular sys-
tem homeostasis. At the most fundamental level, the potassium concentration gradi-
ent across cardiac muscle cell (cardiomyocyte) cell membranes is a chief determinant 
of cardiomyocyte resting membrane potentials. Indeed, disruptions to this concentra-
tion gradient (e.g. via increasing or decreasing extracellular blood potassium levels) 
can lead to altered cardiomyocyte contractility and excitability. Potassium is also 
vasoactive, with different effects at different extracellular concentrations. At low 
(5-8 mM) to moderate (8-16 mM) extracellular levels, potassium relaxes the smooth 
muscle in blood vessel walls by promoting hyperpolarization of vascular smooth 
muscle. However, at higher levels (16-25 mM and above) (e.g. cardioplegic concentra-
tions), potassium promotes vasoconstriction by facilitating depolarization. Moreover, 
potassium is released by vascular endothelial cells in response to various chemical 
mediators and shear stress, thereby contributing to the action of endothelium-derived 
hyperpolarizing factor [1]. For all of these reasons and more, keeping track of daily 
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potassium intake is often recommended as a lifestyle modification for chronic  
cardiovascular diseases such as hypertension.

Harnessing the pivotal role of potassium in cardiovascular physiology has proved 
quite useful for cardiovascular surgery, namely in the form of hyperkalemic (high 
potassium) cardioplegia. Indeed, throughout the past several decades, a large body of 
research has testified to the ability of externally administered hyperkalemic solutions 
to arrest cardiac contractility [2]. This, in conjunction with the development of car-
diopulmonary bypass (CPB, also known as the “heart-lung machine”), revolutionized 
cardiac surgery [3]. These days, many highly invasive procedures like coronary artery 
bypass grafting are routine with minimal risk of postoperative mortality.

However, hyperkalemic cardioplegia is not without its consequences. 
Hyperkalemic cardioplegia and reperfusion following CPB have been associated 
with perioperative and postoperative tissue damage and microvascular dysfunction 
across several different vascular beds. Moreover, hyperkalemic cardioplegia is also 
associated with postoperative myocardial dysfunction and reduced cardiac output. 
Furthermore, blood potassium abnormalities after hyperkalemic cardioplegia-
reperfusion, chiefly hypokalemia (but also hyperkalemia, to a lesser degree) are 
common postoperative challenges in the cardiac ICU. Both abnormalities signifi-
cantly elevate the risk of arrythmias and, if not managed properly, cardiac arrest 
and sudden death.

This chapter will discuss the basics of potassium cardioplegia with an emphasis on 
clinical relevance, beginning with a brief history. Subsequent sections will elaborate 
on the basic physiology, before considering several perioperative and postoperative 
adverse effects of hyperkalemic cardioplegia. When possible, information about 
treatment and clinical management is included. The chapter will conclude with a brief 
mention of up-and-coming alternatives to hyperkalemic cardioplegia.

2. Potassium and cardiac surgery

2.1 Brief history of potassium cardioplegia

As early as the late 1800s, physiologists were starting to become aware of the abil-
ity of potassium compounds to arrest cardiac contractility, beginning with individuals 
like Sidney Ringer who observed that potassium chloride froze the heart in diastole 
and calcium stimulated the heart during systole [2]. Moving into the start of the 20th 
century, further investigations revealed associations between high serum potassium 
and cardiac arrest following ventricular fibrillation; studies also revealed associations 
between cardioplegia and restoration of sinus rhythm following coronary artery 
administration of potassium chloride solution and subsequent washout [2]. However, 
in most of these cardioplegic experiments (often conducted in dogs), refractory 
ventricular fibrillation and post-procedure reperfusion damage to the myocardium 
limited discussion of the clinical usefulness of these findings.

During the 1950s, British physician Dennis Melrose hypothesized that the problem 
with potassium chloride cardioplegia was chloride; therefore, he created a cardiople-
gic solution using potassium citrate, and tested it on a canine model of cardiopul-
monary bypass [4]. Injection of the “Melrose solution”, of potassium citrate plus 
warm oxygenated whole blood in a 9:1 blood:potassium ratio, into the aortic roots of 
hypothermic dogs, produced near-immediate cardiac arrest. Reperfusion and wash-
out of cardioplegic solution resulted in restoration of heart function to pre-procedure 
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levels [2]. Within a few years, the Melrose group successfully induced potassium 
citrate cardioplegia in humans.

Unfortunately, future studies would reveal that in many cases, the Melrose 
potassium citrate solution still produced post-cardioplegia ventricular fibrillation 
and myocardial dysfunction [5]. This led to a general pause in clinical application of 
potassium cardioplegia between the 1960s and early 1980s, in favor of other options 
mostly involving induction of hypothermic cardiac arrest, which turned out to be no 
better with respect to postoperative damage than the Melrose solution.

Eventually, research into techniques for potassium cardioplegia would pick up 
again, and the result would be development of novel solutions for cardioplegia and 
intraoperative organ preservation. Numerous studies in animal models have validated 
the principles of diastolic cardiac arrest due to depolarizing potassium cardioplegia 
[2, 3, 6–10]. In addition, invention and refinement of heart-lung machines to accom-
pany cardioplegia in the operative room (CPB) opened many new possibilities for 
cardiac surgery. Today, potassium cardioplegia is an integral tool for cardiac surgeons 
performing a variety of highly invasive procedures such as coronary artery bypass 
grafting and aortic valve replacements.

2.2 Types and techniques of potassium cardioplegia

Despite variability in composition, delivery, and temperature, most cardioplegic 
solutions in use today involve some level of potassium chloride as the main inducer of 
cardiac arrest, along with ions such as magnesium, low-dose calcium and bicarbon-
ate, the latter of which is particularly important for controlling solution pH [6]. The 
“original” hyperkalemic cardioplegic solution was the Melrose formula of the 1950s 
that was discussed earlier, consisting of potassium citrate and warm blood in a 9:1 
blood:potassium ratio. However, due to the high incidence of postoperative complica-
tions including ventricular fibrillation, this solution is no longer in major clinical use.

2.2.1 Crystalloid vs. blood

In general, cardioplegic solutions fall under two broad umbrellas: crystalloid vs. 
blood, and warm vs. cold (Table 1). Two crystalloid cardioplegic solutions worth 
noting are the Custodiol (also known as Bretschneider) and St. Thomas solutions 
[7]. The St. Thomas solution, introduced first by Hearse and colleagues in 1975, is an 
example of a short acting cardioplegic solution involving potassium chloride con-
centrations between 10 and 30 mM [8]. In general, the St. Thomas solution requires 
repeat dosing, roughly every 20 minutes, to sustain cardioplegia for long durations 
[7, 9]. Furthermore, myocardial acidosis has been noted between doses of St. Thomas 
solution [10].

In contrast, the Custodiol solution is a form of long acting, single dose cardioplegia 
consisting primarily of potassium chloride, sodium chloride, and magnesium sulfate 
as the chief electrolytes [11]. Additional components of the Custodiol solution include 
tryptophan (membrane stabilization) and histidine buffer (to maintain pH and 
buffer against byproducts of anaerobic glycolysis that build up during cardioplegia). 
Curiously, the relatively low levels of potassium (9 mM) and sodium (15 mM) in 
Custodiol appear to induce cardioplegia through a form of hyperpolarized arrest as 
opposed to depolarized arrest, unlike most other potassium cardioplegic solutions that 
have potassium concentrations in the range of 16-36 mM and sodium concentrations 
in the range of 10-110 mM (see Table 1 for detailed solution ion concentrations).
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The general rationale for blood-based cardioplegia has centered on the theory that 
cardioplegic solutions containing blood are more “physiologic” than crystalloid solu-
tions. For example, blood can support aerobic respiration and may be able to preserve 
normal myocardial metabolism during surgery. Therefore, blood cardioplegia may 
reduce the negative consequences of prolonged ischemia during CPB [11]. However, 
insufficient evidence exists currently to verify that hypothesis, and so any purported 
advantages of blood over crystalloid cardioplegia are for the time being mainly 
speculative.

Three hyperkalemic cardioplegic solutions in clinical use that contain blood 
are the Del Nido, Buckberg, and Calafiore solutions. The Del Nido solution uses a 
crystalloid:blood ratio of 4:1, and like the Custodiol solution is a long-acting car-
dioplegic solution, with one dose of 20 ml/kg providing myocardial protection for up 
to 60–90 minutes [7, 12]. Chief ionic ingredients include potassium chloride for rapid 
depolarized arrest, sodium bicarbonate to scavenge protons and buffer intracellular 
pH, and magnesium to block calcium channels and prevent intracellular calcium 
accumulation during cardioplegic arrest, thereby promoting postoperative myocar-
dial recovery [12, 13]. Lidocaine in the Del Nido solution acts as a sodium channel 
blocker to mitigate against the sodium “window current” and reduce intracellular 
sodium accumulation [14].

Buckberg’s cardioplegia is a dextrose and saline-based solution that, similar to the 
Del Nido solution, consists of a crystalloid:blood ratio of 4:1 [15]. Other components 
include potassium chloride as the primary depolarizing agent, a tromethamine buffer, 
and citrate phosphate double dextrose to serve as a calcium chelator. However, unlike 
the Del Nido solution, Buckberg cardioplegia must be given as three separate formula-
tions, some of which must be administered in multiple doses [15]. First, an induction 
solution stops the heart, and additional infusions of induction solution must be given 
every 15 to 20 minutes throughout the procedure. Second, a maintenance solution 
must be administered to sustain cardiac arrest and provide oxygen and nutrients to 
the cardiomyocytes. Finally, a reperfusion solution containing glutamate and aspar-
tate is administered prior to removal of the aortic cross clamp to provide the heart 
with nutrients prior to restarting myocardial contractions.

Calafiore cardioplegia differs from Buckberg and Del Nido in that blood forms the 
sole foundation of Calafiore cardioplegic solution [16]. Indeed, the original rational 
proposed by Calafiore et al. was that blood alone, without any crystalloid component, 
contained everything necessary to prevent ischemia–reperfusion damage. Therefore, 
simply administering a cardioplegic solution consisting of blood plus extra potassium 
would be enough to safely stop and later, restart the heart [16]. Moreover, unlike most 
other forms of cardioplegia in use, the original Calafiore solution was normother-
mic throughout administration; however, some subsequent variations of Calafiore 
cardioplegia have used cold blood [16, 17].

2.2.2 Warm vs. cold

Most current methods for administering cardioplegic solutions involve cold 
cardioplegia, most often cold crystalloid solutions delivered after reducing core body 
temperature to hypothermic levels [18]. For example, the induction and maintenance 
solutions for Buckberg cardioplegia are delivered at 4 degrees Celsius after cooling 
core temperature to below 30 degrees Celsius, with reperfusion solution delivered at 
37 degrees Celsius [15]. Similarly, del Nido and Custodiol cardioplegia are often given 
at 4 degrees Celsius after induction of systemic hypothermia [15, 19].
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This practice stems from experimental evidence suggesting that mild hypother-
mia can protect the myocardium from ischemic damage during cardioplegia [20]. 
Hypothermia reduces the basal metabolic rate of the heart, which in turn reduces 
oxygen consumption—an effect augmented by potassium-induced arrest during 
hyperkalemic cardioplegia [21]. A variety of potential mechanisms may be at play. In 
animal models of cardiac arrest, mild hypothermia (32–35 degrees Celsius) has been 
shown to reduce post-arrest infarct size, possibly through various signal transduc-
tion pathways, such as Akt and mTOR signaling, both of which are altered during 
the course of hypothermia [20]. Another potential cardioprotective mechanism of 
hypothermia may be reduced phosphorylation of various mitogen activated protein 
kinases (MAPK) like ERK1/2 that normally activate pro-inflammatory mediators 
like COX-2 (arachidonic acid metabolism) [18]. In general, many details concerning 
mechanisms of hypothermic myocardial protection during cardioplegia remain to be 
elucidated.

However, cold hyperkalemic cardioplegia may also inhibit myocardial enzymes 
that are important for the metabolic and functional recovery of the heart after 
surgery [22, 23]. Moreover, sustained systemic hypothermia (especially at tempera-
tures below 20 degrees Celsius) during cardiac surgery has also been associated with 
ventricular fibrillation after rewarming [21]. Given these negative consequences, 
an increasing amount of attention has been given to the possibility of warm hyper-
kalemic cardioplegia, primarily warm blood hyperkalemic cardioplegia. Unlike 
cold hyperkalemic cardioplegic solutions, warm cardioplegic solution is typically 
administered at between 30 and 35 degrees Celsius under normothermic, as opposed 
to hypothermic, CPB [24]. Potential advantages of warm blood hyperkalemic car-
dioplegia over cold crystalloid may include improved myocardial restoration, reduced 
intracellular swelling, improved membrane stabilization, and reduced hypoxic red 
blood cell deformation [25].

Of course, warm hyperkalemic cardioplegia is not without its own consequences. 
Some studies have reported increased likelihoods of perioperative strokes and 
encephalopathy [26]. Moreover, warm hyperkalemic cardioplegia may contribute 
to vasodilation during cardiopulmonary bypass, requiring increased use of alpha 
agonists during operation to maintain stable arterial perfusion pressures [25]. There 
are also several variations of warm cardioplegia; one common technical variant is “hot 
shot” cardioplegia, which involves warm induction and subsequent cold cardioplegia, 
followed by a warm reperfusion [27].

Comparing the effectiveness of warm vs. cold hyperkalemic cardioplegia remains 
an inconclusive subject of intense debate. A meta-analysis by Fan et al., reported no 
differences between length of stay, stroke incidence, and atrial fibrillation between 
patients undergoing warm vs. cold cardioplegia [28]. However, warm cardioplegia 
correlated with better postoperative cardiac indices and lower peak creatine kinase 
MB concentrations than cold cardioplegia [28]. The latter findings, along with 
reduced postoperative cardiac troponin levels, have been replicated in other studies 
[29, 30]. Meanwhile, other studies comparing warm blood and cold crystalloid hyper-
kalemic cardioplegia do not show significant differences with respect to perioperative 
myocardial infarction and low cardiac output syndrome [31].

2.2.3 Anterograde vs. retrograde

In general, administration of hyperkalemic cardioplegic solution can be done in 
either retrograde or anterograde fashion. Prior to both, IV heparin is administered, 
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and the patient’s core body temperature is lowered to hypothermic levels, after 
which the aortic cross-clamp is placed and cardiopulmonary bypass is initiated [7]. 
Anterograde cardioplegia refers to delivering cardioplegic solution through a can-
nula inserted just proximal to the aortic cross-clamp. From there, the solution can 
flow into the left and right coronary arteries that supply the myocardium [32]. With 
anterograde cardioplegia, arrest usually occurs within 30 to 60 seconds. Retrograde 
cardioplegia may be considered in patients with complications such as severe coro-
nary artery damage (e.g. severe stenosis) or aortic valve damage. Unlike anterograde 
administration, in retrograde administration the cardioplegia catheter is inserted into 
the coronary sinus from the right atrium, and solution is injected at a lower pressure 
(given the lower tolerance of the coronary sinus walls to turbulent flow) to avoid 
coronary sinus perforation [32].

2.3 Physiology of potassium cardioplegia during cardiac surgery

2.3.1 Physiology of cardiac muscle contraction

Under physiological circumstances, the cardiomyocyte resting membrane poten-
tial is largely determined by two key factors: action of the sodium-potassium ATPase, 
and the high resting permeability of cardiomyocyte cell membranes to potassium 
[33]. First, the sodium-potassium ATPase hydrolyzes ATP to continuously pump 
potassium into the cell and sodium out of the cell, with a relative ratio of 3Na out/2 K 
in per molecule of ATP. Because it is the primary ion pump active while the cell is at 
rest, the sodium-potassium ATPase plays a critical role in generating the character-
istic sodium and potassium electrochemical gradients across the cardiomyocyte cell 
membrane (high potassium and low sodium inside the cell relative to out). Second, 
at rest the cardiomyocyte cell membrane is most permeable to potassium while being 
relatively impermeable to other ions. This results in a resting membrane potential 
for cardiomyocytes that is close to the Nernst equilibrium potential for potassium, 
roughly −85 to -90 mV.

During cardiac muscle contraction, sinoatrial node stimulation induces a transient 
increase in the resting membrane potential of cardiomyocytes, which in turn opens 
voltage-gated sodium channels once the membrane potential surmounts -65 mV. Due 
to the high inward ion driving force on sodium (based on the considerable difference 
between the Nernst potential for sodium and the resting membrane potential), sodium 
ions flow through the sodium channels into the cardiomyocyte and further depolarize 
the cell until it reaches about 20 mV. At this point, sodium channels inactivate and 
L-type voltage gated calcium channels take over the maintenance of the action poten-
tial, allowing influx of calcium ions and producing the classic plateau depolarization of 
cardiac ventricular action potentials. Eventually, as calcium channels close and mem-
brane potential begins to dip, delayed rectifier potassium channels open and restore 
membrane potential to the resting state. By this point, enough calcium has entered the 
cardiomyocyte to promote calcium-induced calcium release from intracellular calcium 
stores in the cardiomyocyte sarcoplasmic reticula, allowing muscle contraction to occur.

2.3.2 Physiology of potassium cardioplegia

Extracellular hyperkalemia is the core principle underpinning most warm blood 
and cold crystalloid cardioplegic solutions. Essentially, administration of hyperka-
lemic solution takes advantage of the pivotal role of the potassium electrochemical 
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gradient in determining cardiomyocyte resting membrane potential in order to 
elevate the resting membrane potential to a less negative value than typical baseline 
level. For example, physiologic extracellular potassium levels are often in the range of 
3.5–5 mM, producing a resting membrane potential around -85 mV. During cardiac 
surgery involving cardioplegia, hyperkalemic solutions often raise extracellular potas-
sium to the range of 10-40 mM (often midway in this range, around the 25 mM level), 
elevating cardiomyocyte resting membrane potentials to anywhere between −65 
to -40 mV [34]. Arresting cardiomyocytes at this new range of elevated membrane 
potentials promotes fast sodium channel inactivation, thereby blocking myocardial 
action potential conduction. It also blocks repolarization, which is why hyperkalemic 
cardioplegia induces what is called “depolarized arrest.” Finally, it is important to note 
that cardioplegic arrest also significantly reduces cardiomyocyte oxygen consumption 
in a manner reminiscent of how severe ischemia depletes cellular ATP reserves [33].

2.4 Side effects of high potassium cardioplegia

2.4.1 Myocardial calcium loading

Despite its clinical usefulness in reversibly arresting the heart during cardiac sur-
gery, sustained depolarized hyperkalemic cardioplegia is not without some negative 
perioperative consequences. First, while most voltage-gated “fast” sodium channels 
are inactivated at membrane potentials above -50 mV (a frequent target cardiomyo-
cyte membrane potential for potassium cardioplegia), resulting in generally poor 
membrane sodium conductance, not all sodium channels are inactivated. Moreover, 
during hyperkalemic cardioplegia the ion driving force on sodium is still quite high, 
even at the new depolarized cell membrane potentials. Ultimately, this situation 
produces a small but significant sodium influx into cardiomyocytes through the 
small fraction of sodium channels that remain open during potassium cardioplegia, a 
phenomenon known as the sodium “window current” [35].

Similarly, ATP depletion and reduced myocardial oxygen consumption during 
hyperkalemic cardioplegia leads to myocardial ischemia. Ischemia forces myocardial 
cells to resort to anaerobic glycolysis for energy production, which generates lactate 
as a byproduct. Increasing lactate levels in cardiomyocytes produces a metabolic 
acidosis and promotes increased activity of the H+/Na antiporter to move protons out 
of the cells at the expense of bringing in more sodium [36]. Finally, the combination 
of high extracellular potassium, intracellular acidosis, and hypothermia due to cold 
cardioplegic solution inhibits action of the sodium-potassium ATPase, which further 
facilitates the buildup of intracellular sodium [34].

Note that -50 mV is also in the vicinity of the reversal potential of the sodium/cal-
cium exchanger [37, 38]. Under normal circumstances, the sodium/calcium exchanger 
moves 3 Na in for every 1 Ca moved out of the cell. However, due to the sodium 
window current and depolarized arrest in hyperkalemic cardioplegia, the sodium/
calcium exchanger eventually begins operating in reverse, moving 3 Na out for every 
1 Ca in, producing a so-called calcium “window current.” Moreover, if the hyperka-
lemic cardioplegic solution holds cardiomyocyte membrane potentials above -50 mV, 
e.g. at around -40 mV, then voltage-gated slow calcium channels will begin to acti-
vate, causing further calcium influx [39]. All of these reasons help explain why many 
hyperkalemic cardioplegic solutions in clinical practice are also hypocalcemic relative 
to physiological extracellular calcium levels (or contain calcium channel blockers), to 
attempt to mitigate the severity of myocardial calcium loading [34].
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Cytosolic calcium loading during hyperkalemic cardioplegia contributes to 
cardiomyocyte damage through several mechanisms [40]. Enhanced activation of 
calcium dependent proteases and lipases (e.g. phospholipases) contributes to plasma 
membrane phospholipid degradation, ultrastructural changes in the sarcolemmal 
membrane, and accumulation of pathological catabolic byproducts. Enhanced activa-
tion of calcium-dependent ATPases accelerates depletion of intracellular ATP stores 
that have already been lowered following hypothermic arrest. This further perturbs 
cardiomyocyte sarcolemmal calcium transport channels that rely on ATP to maintain 
intracellular calcium homeostasis. Moreover, hypoxia during hyperkalemic cardiople-
gia increases mitochondrial calcium uptake via reversal of mitochondrial sodium/
calcium exchangers in a manner akin to reversal of cardiomyocyte cell membrane 
sodium/calcium exchangers [41].

Mitochondria can only endure so much calcium uptake before the onset of 
irreversible damage. Indeed, following reperfusion after hyperkalemic cardiople-
gia arrest, mitochondria exhibit increased oxygen free radical production and 
reduced superoxide dismutase activity, indicative of heightened oxidative stress 
[41]. Sustained oxidative stress can lead to opening of mitochondrial permeability 
transition pores (MPTP), which promote mitochondrial swelling and mitochondrial 
membrane rupture. An assortment of mitochondrial enyzmes and molecules, such 
as cytochrome c, leak out into the cytosol through the MPTPs [41]. Cytochrome c is 
implicated in intrinsic apoptotic pathways through activation of cytosolic caspases 
and subsequent formation of myocardial apoptosomes [41].

2.4.2 Myocardial apoptosis

Myocardial apoptosis during hyperkalemic cardioplegic ischemia–reperfusion 
merits further consideration for two major reasons. First, several studies have shown 
associations between hyperkalemic cardioplegic arrest and endothelial cell and car-
diomyocyte apoptosis [42–44]. Second, several independent pathways of myocardial 
cell injury converge on apoptosis. Examples include mitochondrial oxidative stress 
and activation of an intrinsic apoptotic pathway (introduced earlier), or an extrinsic 
pathway driven by elevated humoral factors such as Fas or TNF-alpha acting on 
pro-apoptosis cell membrane receptors [44, 45]. Both intrinsic and extrinsic pathways 
converge upon a similar final common pathway that is chiefly regulated by two key 
protein groups: the Bcl-2 and cysteine protease caspase families [46, 47].

Within the Bcl-2 family, two proteins are particularly significant: Bcl-2 itself, and 
Bad. The former is anti-apoptotic while the latter is pro-apoptotic. Phosphorylation 
inhibits Bad, blocking it from inactivating Bcl-2 [48]. Farther downstream in apop-
totic signaling, cleavage of caspase 3 and poly ADP-ribose polymerase (PARP) is 
essential for ensuring final progression towards apoptosis. Meanwhile, apoptosis may 
also proceed via a caspase-independent pathway involving release of the mitochon-
drial flavoprotein apoptosis-inducing factor (AIF) from the mitochondria into the 
cytosol through MPTPs [49, 50].

A possible framework for understanding myocardial apoptosis after hyperkalemic 
CPB is as follows [48]. Activation of the intrinsic (mitochondrial) pathway leads 
to increased Bad activation/decreased Bcl-2 activation, which initiates the caspase 
cascade. Activation of the extrinsic pathway bypasses Bcl-2/Bad to directly activate 
the caspase cascade. As more and more caspases become activated, eventually ter-
minal caspases, such as caspase 3, will be cleaved, leading to PARP cleavage. By this 
point, apoptosis has been irreversibly induced; DNA fragmentation and cell death 
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quickly follow. In contrast, AIF translocation from the mitochondria to the cytosol 
may directly activate downstream/terminal caspases, bypassing initial/intermediary 
constituents of the caspase cascade.

Studies have shown that caspase 3 cleavage and Bcl-2/Bad phosphorylation are 
significantly increased in myocardial tissue following hyperkalemic cold-blood car-
dioplegia and reperfusion, even as total protein levels do not change [48]. Meanwhile, 
myocardial AIF levels increase slightly, accompanied by a trend towards nuclear 
translocation, consistent with a model of AIF induced chromatin condensation and 
DNA fragmentation as a mechanism of cell injury [48]. Note that both pro-apoptotic 
(e.g. caspase 3) and anti-apoptotic (e.g. phosphorylated Bad) mediators are acti-
vated—nevertheless, given the downstream terminal position of caspase 3, the overall 
balance in myocardial cells appears to be tipped in favor of pro-apoptotic signaling.

Different formulations of hyperkalemic cardioplegia (e.g. cold crystalloid, warm 
blood, etc.) may exhibit differing degrees of myocardial protection and prevention of 
apoptosis. Indeed, evidence exists suggesting that cold blood hyperkalemic cardiople-
gia is superior to warm blood, warm crystalloid, and cold crystalloid cardioplegia, 
in terms of increased Bad phosphorylation and decreased caspase 3 activation [51]. 
Taken together, this combination of events appears to result in less apoptosis. In 
addition, these effects are associated with improved left ventricular function fol-
lowing cardioplegic arrest. However, this is not a universal finding in the literature. 
More work must be done to verify these conclusions and confirm if there truly is a 
definitive benefit to any one technique of hyperkalemic cardioplegia with respect to 
prevention of apoptosis.

2.4.3 Coronary vasomotor dysfunction

An extensive body of research has established that hyperkalemic solutions induce 
significant vasoconstriction when experimentally applied to coronary artery and 
aortic ring preparations [2]. Thus, it is no surprise that hyperkalemic cardioplegia 
induces significant functional changes to the microcirculation, especially the coro-
nary circulation [52]. For example, a sizeable number of patients undergoing hyper-
kalemic cardioplegia experience coronary artery spasm [52].

Potassium can influence coronary vasoconstriction in several ways. Holding 
coronary vascular smooth muscle membrane potentials at sustained depolarization 
during hyperkalemic cardioplegia increases the likelihood of generating contractions 
[53]. Potassium may also act indirectly to cause vasospasm through action on the 
coronary endothelium. Indeed, endothelial vasoconstrictive and vasorelaxant factors 
govern homeostatic regulation of coronary vasomotor tone. These factors influence 
vascular smooth muscle through modulation of various cell membrane potassium 
channels, including calcium-activated potassium channels and ATP-activated potas-
sium channels [54, 55]. Important endothelial-derived relaxing factors include nitric 
oxide, endothelial-derived hyperpolarizing factor (EDHF), and cyclooxygenase 
enzymes. Important endothelial-derived constricting factors include endothelin-1 
and thromboxane A2.

Porcine models of hyperkalemic cardioplegia showed that hyperkalemia signifi-
cantly attenuated EDHF-mediated relaxation in coronary artery preparations [56, 57]. 
Moreover, hyperkalemic vasoconstriction has also been linked with impaired nitric 
oxide release [58] and impaired acetylcholine-dependent vascular relaxation [59, 60]. 
Potential mechanisms at play may involve potassium-induced inhibition of G protein 
and non-G protein signal transduction pathways, increased reactive oxygen and 
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nitrogen species generation, decreased activity of endothelial nitric oxide synthase, 
and increased arachidonic acid metabolism [2]. Curiously, hyperkalemic cardioplegia 
has also been associated with decreased responsiveness of human coronary arterioles 
to the endothelial vasoconstrictors endothelin-1 and thromboxane A2 [61, 62]. These 
findings testify to the complexity of mechanisms underpinning coronary vasomo-
tor dysfunction following hyperkalemic cardioplegia, most of which remain to be 
elaborated.

2.4.4 Myocardial and coronary endothelial dysfunction

Despite its cardioprotective effects, hyperkalemic cardioplegia-reperfusion can 
exert detrimental effects on the myocardial and coronary endothelium, promoting 
endothelial dysfunction [63, 64]. One aspect of endothelial dysfunction—production 
of various endothelium-derived relaxing and contracting factors—was discussed 
earlier due to its relevance in coronary vasospasm. Other important features of 
endothelial dysfunction during hyperkalemic cardioplegic arrest include endothelial 
injury, inflammation, reactive oxygen species production, coagulation cascade dys-
function, and endothelial tight junction degradation [52, 65–67]. All these adverse 
effects may occur with potassium levels as low as 10 mM, well within the realm of 
most hyperkalemic cardioplegic solutions [2]. To elaborate, potassium concentrations 
of 30 mM in St. Thomas and Custodiol cardioplegic solutions proved considerably 
more damaging to the vascular endothelium than potassium concentrations of 
20 mM, demonstrating the importance of strict potassium limits in hyperkalemic 
cardioplegic solutions [6].

A variety of structural changes to the vascular endothelium have been observed 
in experimental models of hyperkalemic cardioplegia. Key examples include 
endothelial intracellular vacuolization, membrane blebbing, adventitial fibrosis, 
and overall reduced viability [68, 69]. Furthermore, hyperkalemic cardioplegia 
promotes increased lipid uptake and cholesterol deposition in vascular intimae in 
primate models of post-graft venous atherosclerosis [70]. In addition, compromised 
endothelial adherens junctions during hyperkalemic cardioplegia mediate increased 
vascular permeability and tissue edema [67]. Indeed, animal models of cardioplegia/
CPB show increased post-procedure VE cadherin, beta-catenin, and gamma-catenin 
fragments, all of which are important structural components of adherens junctions 
[71]. In humans, increased endothelial cadherin phosphorylation, and decreased 
overall beta-catenin levels, have been observed in atrial tissue following hyperkalemic 
cardioplegia/CPB [72].

Details of specific mechanisms underlying these endothelial disturbances remain 
largely unclear; however, many possibilities exist. For example, it is generally agreed 
that depolarization induced by hyperkalemic cardioplegia is a critical initiating step 
of the underlying pathophysiology [2]. Endothelial depolarization increases activa-
tion of neutrophils, inflammation, voltage sensitive NAPDH oxidases, and platelets 
[62, 63, 73, 74]. Inflammation and neutrophil activation often reinforce each other, 
as pro-inflammatory cytokines like IL-1, IL-6, and TNF-alpha further stimulate 
endothelial changes that promote neutrophil extravasation. NADPH oxidase catalyzes 
formation of important reactive oxygen species such as superoxide anions, which 
if left unchecked are severely cytotoxic. The amount of superoxide production 
during hyperkalemic cardioplegia has been linked to the extent of endothelial depo-
larization and translocation of the small G protein Rac from the cytosol to plasma 
 membrane [75].
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With respect to coagulation, potassium depolarization appears to have a direct 
stimulatory effect via enhancing ADP and collagen-induced platelet aggregation, 
along with an indirect effect through increased superoxide production [76, 77]. The 
latter appears to act through inhibition of endothelial NTPDases [78]. Membrane 
hyperpolarization reverses all these actions.

When left unchecked, sustained myocardial dysfunction following hyperkalemic 
cardioplegia-reperfusion may lead to myocardial stunning, a form of postoperative 
left ventricular dysfunction [1]. Myocardial stunning often manifests as markedly 
reduced cardiac output without obvious evidence of infarction or injury (e.g. no signs 
of elevated troponin or CKMB in blood). Like myocardial apoptosis, myocardial stun-
ning represents another final common pathway of convergence for several different 
pathophysiological mechanisms of hyperkalemic cardioplegia, chiefly dysregulated 
free radical production, coagulation imbalances, and excessive catecholamine release 
[1]. However, unlike with apoptosis, in this scenario injury results from abnormal 
myocardial contractility as opposed to myocardial cell death.

2.5 Postoperative potassium abnormalities: physiology and management

Postoperative imbalances in a variety of different electrolytes, including 
calcium, magnesium, potassium, and phosphate, have been observed following 
cardioplegia/CPB. Here, we will focus on potassium, beginning with hypokalemia. 
Hypokalemia can be defined as a serum potassium level that is less than 3.5 mEq/L 
[78]. Postoperative hypokalemia is a common finding after cardiac surgery involv-
ing hyperkalemic cardioplegia and CPB, and manifests almost immediately after the 
patient is weaned off the bypass circuitry [79]. Hence IV potassium supplementa-
tion during cardioplegia is extremely important to mitigate against the most severe 
manifestations [80].

However, even with electrolyte supplementation in the operating room, CPB poses 
a high risk of post-procedure electrolyte depletion [81]. The pivotal role of potassium 
in normal cardiac contractility means that disturbances in potassium homeostasis sig-
nificantly increase the risk of arrythmias and, in severe cases, sudden cardiac arrest. 
Indeed, arrythmias, especially atrial tachyarrhythmias (e.g. atrial fibrillation, atrial 
flutter) and, less frequently, ventricular arrhythmias, are a major source of morbidity 
and mortality following cardiac surgery [82, 83].

Specific mechanisms underpinning this phenomenon remain largely unclear; 
however, a variety of possibilities exist [78]. For example, poor oral intake of 
potassium-rich foods prior to cardiac surgery may contribute to enhanced deple-
tion during surgery. In addition, prolonged preoperative use of digoxin, along with 
thiazide and loop diuretics may play a role. These agents may cause hypomagnesemia 
(low magnesium levels), which can contribute to extracellular potassium depletion. 
Under normal circumstances, intracellular magnesium binds to and blocks the pores 
of renal outer medullary potassium (ROMK) channels in the distal nephron, prevent-
ing outward flux of potassium into the renal tubular network [78]. Thus hypomag-
nesemia may remove this physiologic limiter, leading to increased renal clearance of 
potassium.

A hyperactive aldosterone response to stress may also be implicated, particularly 
in the context of congestive heart failure [78, 80]. Moreover, increased catecholamine 
(norepinephrine and epinephrine) release during cardiopulmonary bypass may facili-
tate hypokalemia given the influence of catecholamines on plasma potassium [84, 85]. 
Animal models have shown that elevated catecholamine levels can produce first, 
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a transient hyperkalemia due to activation of hepatic calcium-dependent potassium 
channels by alpha adrenergic stimulation and second, a sustained hypokalemia by 
stimulation of skeletal muscle Na-K ATPase [86]. Such studies need to be replicated in 
humans undergoing cardiopulmonary bypass-hyperkalemic cardioplegia in order to 
verify the applicability of these putative mechanisms.

Because glucose is often given during cardioplegia, insulin may also be admin-
istered to minimize the chances of hyperglycemia. However, given that insulin acts 
as a regulator of potassium distribution between intracellular and extracellular 
fluid compartments by stimulating Na-K ATPase activity, it is possible that insulin 
administration during and after cardioplegia may contribute to potassium depletion 
[87]. Next, given that many cardioplegic solutions in current practice are cold hyper-
kalemic solutions, any potential impact of hypothermia on potassium homeostasis 
during cardiac surgery cannot be ignored. As with insulin, hypothermia has been 
linked to an intracellular shift of potassium away from the extracellular space through 
as-yet unelaborated mechanisms [88]. Finally, the CPB circuit itself has been shown 
to significantly dilute overall blood plasma protein concentrations, which may also 
affect plasma ion homeostasis [89].

In general, treatment of postoperative hypokalemia largely centers on administra-
tion of potassium chloride (KCl) solution to elevate extracellular potassium concen-
trations to physiologic levels. Indeed, in the case of pediatric cardiac ICU patients for 
whom enteral potassium supplementation is contraindicated, IV KCl administration 
is one of the only available tools for correcting hypokalemia [90]. For most patients, 
this proves sufficient to correct the imbalance and stave off the development of 
hypokalemia-induced arrhythmias. However, in a small minority, external KCl 
solution does not reverse the hypokalemia—and so in these patients, the chances of 
arrhythmias increase exponentially.

Although hypokalemia is the most common potassium electrolyte abnormality 
following hyperkalemic cardioplegia-CPB, postoperative hyperkalemia may occur 
under certain, albeit rarer, circumstances. In general, postoperative hyperkalemia 
is a concern mainly in patients with renal failure undergoing CPB, most likely due 
to renal tubular dysfunction [91]. Severe hyperkalemia may be treated with IV 
calcium gluconate, an insulin-dextrose regimen, and diuretics [92]. If a patient has 
end-stage renal disease, dialysis may be the best option to treat hyperkalemia, along 
with IV calcium to stabilize the myocardium and IV insulin to shift potassium into 
cells [93].

2.6 Alternatives to hyperkalemic cardioplegia

Hyperkalemic cardioplegia is by far the most widely used method of cardiople-
gia in current clinical practice. However, because of the numerous perioperative 
repercussions of hyperkalemic cardioplegia, a variety of attempts have been made 
to explore alternative approaches. Given that many adverse effects of hyperkalemic 
cardioplegia stem from its induction of depolarized arrest, one popular avenue of 
investigation has been the possibility of hyperpolarized arrest. Hyperpolarization 
is the natural resting state of cardiomyocytes, so in theory, arresting the heart at its 
baseline hyperpolarized state may better preserve physiological integrity. In isolated 
animal heart models, hyperpolarized arrest has been achieved via pharmacologic 
activation of ATP-sensitive potassium channels [94, 95]. Following reperfusion, this 
form of hyperpolarized arrest appeared to lead to improved postischemic functional 
recovery when compared to hearts protected with depolarized arrest.
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Meanwhile, so-called “polarized arrest” has been proposed as another alternative 
to hyperkalemic cardioplegia. The core principle behind this concept is administra-
tion of sodium channel blockers, such as procaine in humans or tetrodotoxin in 
animal models [96]. Sodium channel blockade prevents depolarization-induced acti-
vation of calcium currents, which normally carry out the bulk of the cardiomyocyte 
action potential. Overall, in animal models, tetrodotoxin-induced polarized arrest 
reduces metabolic demands during ischemia, including myocardial oxygen consump-
tion, more so than hyperkalemic cardioplegia [96]. Furthermore, polarized arrest 
may produce less significant postoperative ionic imbalances, with further protection 
provided by coincident administration of sodium/potassium/chloride transporter 
and sodium/proton exchanger inhibitors [96]. Nonetheless, more work needs to be 
done to verify the broader clinical applicability of these alternatives to hyperkalemic 
cardioplegia.

3. Conclusions

By taking advantage of the pivotal role of potassium in cardiomyocyte 
physiology, hyperkalemic cardioplegia has become an integral tool for cardiac 
surgery. From the early days of Dennis Melrose’s simple potassium citrate solu-
tion to complex modern-day formulations such as the Del Nido and Buckberg 
media, approaches to developing and administering hyperkalemic cardioplegic 
solutions have evolved considerably, with a continuing focus on developing 
the most cardioprotective and least damaging solutions possible. While initial 
approaches to hyperkalemic cardioplegia revolved around hypothermic solutions, 
normothermic/“warm” solutions, along with blood as opposed to crystalloid-based 
solutions, are gaining momentum as potential alternatives to mitigate adverse 
perioperative consequences of cold hyperkalemic cardioplegia. Some of those 
consequences include myocardial calcium loading, myocardial apoptosis, coronary 
vasomotor dysfunction, myocardial endothelial dysfunction, and myocardial stun-
ning. With any form of hyperkalemic cardioplegia, plasma potassium abnormalities 
following reperfusion, mainly postoperative hypokalemia, remain a persistent 
clinical concern. And while most patients respond well to IV KCl supplementation, 
some do not and proceed to develop fatal arrythmias, underscoring the need for 
further research to understand the mechanisms at play and develop new treat-
ments. In the future, it is possible that other approaches such as hyperpolarized or 
polarized arrest may challenge the widespread use of depolarized hyperkalemic 
cardioplegic arrest. Nevertheless, for the time being, hyperkalemic cardioplegia 
remains dominant in cardiac surgery, and will likely continue to be so for some time 
to come.
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Potassium in Solid Cancers
Jessica Iorio, Lisa Lastraioli and Elena Lastraioli

Abstract

Electrolyte disorders are a frequent finding in cancer patients. In the majority of 
cases the etiologies of such disorders are common to all cancer types (i.e. diuretic-
induced hyponatremia or hypokalemia). Sometimes, electrolyte disorders are caused 
by paraneoplastic syndromes or are due to cancer therapy. Potassium is one of the 
most important electrolytes of the human body since it is involved in the regulation of 
muscle contraction, maintenance of the integrity of the skeleton, blood pressure and 
nerve transmission as well as in the normal function of cells. Potassium homeostasis 
is strictly regulated since the gap between the recommended daily dietary intake 
(120 mEq/day) and the levels stored in the extracellular fluid (around 70 mEq) is 
huge. Alterations of potassium homeostasis are frequent in cancer patients as well 
alterations in potassium channels, the transmembrane proteins that mediate potas-
sium fluxes within the cells. The present chapter is focused on the clinical significance 
of potassium homeostasis and potassium channels in patients with solid tumors.

Keywords: potassium, electrolyte homeostasis, solid cancers, potassium channels, 
channelopathies

1. Introduction

Potassium has a great importance within the cell as it is one of the main determi-
nants of membrane potential in nervous and muscle cells (both skeletal and cardiac). 
Therefore, it is not surprising that in humans potassium blood levels are strictly 
controlled and even slight deviations from the physiological range can cause severe 
clinical conditions.

The amount of potassium in the human body is 3000–4000 mEq (corresponding 
to 50–55 mEq/Kg). Potassium levels in the extracellular fluid are quite low (roughly 
70 mEq corresponding to 2% of the amount absorbed through the intestine) while 
the majority of K+ (98%) is stored in the body tissues under a tight hormonal control. 
This great gap between extracellular fluid and tissues is responsible of the restricted 
range of K+ levels in the plasma (3.5–5.5 mEq/L) that is maintained through the 
 following mechanisms:

• Activity of Na-K ATPase. The Na-K pump actively extrudes three Na+ from the 
cells exchanging them with two K+ that enter the cells against gradient [1]. Such 
mechanism makes it possible the preservation of the physiological electrolyte 
concentration as well as the maintenance of the normal volume of extracellular 
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fluid. It is also essential for the solute passage through renal and intestinal 
epithelia.

• Elimination of potassium dietary intake through feces and urine.

A scheme of potassium intake, absorption and elimination is reported in Figure 1.
Potassium intake from diet is mainly due to the consumption of K+-rich food such 

as bananas, avocados, grapes and salmon, among others. Once introduced in the body 
as food, potassium is rapidly conveyed towards intestine, where it is absorbed for 
its majority (90%). It has been suggested that absorption in the intestine is a passive 
process, guided by electrochemical gradients differently from the one taking place in 
the kidney [2].

Insulin is one of the main regulators of potassium homeostasis, modulating the 
exchange between extracellular fluid and tissues such as muscle, through the activa-
tion of the Na- K ATPase [3]. Moreover, in muscular tissue during exercise, a rise in 
potassium levels causes the stimulation of Na-K ATPase thus enhancing K+ uptake [4], 
although the primary upregulation of the ATPase is due to adrenergic stimulation.

From the extracellular fluid, K+ is also conveyed towards kidney where in physi-
ological conditions it is partly reabsorbed and for the major portion eliminated with 
urine (90%) in the distal renal tubule, directed by mineralocorticoids and Na-K 
ATPase. The mechanisms of K+ renal reabsorption are outside the scope of this 
chapter and can be deepened in several reviews (see for example [5]).

K+ distribution across plasma-membranes is regulated by pancreatic hor-
mones, acid–base homeostasis alterations and by the autonomous nervous system. 

Figure 1. 
Schematic diagram of K+ intake, fluxes, storage and elimination.
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Moreover, potassium itself regulates somehow its own excretion and redistribution 
through the stimulation of insulin and aldosterone secretion as well as the increase 
of Na-K ATPase activity in the distal nephron. On the whole, K+ homeostasis is due 
to the interaction of two different systems, one based on K+ cellular uptake and the 
other based mainly on renal excretion and, at a minor extent, on gastrointestinal 
elimination. These two systems have an important difference since the redistribu-
tion of potassium between intra- and extra-cellular compartments occurs rapidly (it 
takes minutes) while renal response to K+ variations in plasma is quite slow (it takes 
hours to be activated and days to be completed). Moreover, since the biological effects 
depend on the ratio between the external and the internal K+ concentration, the 
regulation of the internal distribution must be extremely efficient. A tight association 
exists between pH and kaliemia, therefore acidosis causes an increase of potassium 
plasma level while alkalosis induces hypokalemia. Another pathological condition 
that might cause hyperkalemia is the increase of osmolarity (due to hyperglycemia 
and hypernatremia).

2. Electrolyte disorders in human cancer

Cancer patients are characterized by complex alterations encompassing the whole 
organism. Among them electrolyte disorders represent quite frequent complications 
in such patients [6, 7] and are mainly due to alterations of sodium, potassium, cal-
cium and magnesium plasma levels. In the majority of the patients these unbalances 
are asymptomatic but in some subjects they can contribute to worsen the clinical 
conditions and therefore must be treated. The electrolyte derangements adversely 
affect survival [8] and can disrupt cancer treatment [9–11]. There are many potential 
causes of electrolyte derangements in cancer patients that might be related either to a 
particular cancer or to any specific therapy. Actually, the picture might be even more 
complicated since these electrolyte disorders can be primary or secondary and active 
treatment can improve prognosis.

3. Potassium homeostasis alterations in human cancer

In cancer patients both a reduction (hypokalemia) or an increase (hyperkalemia) 
in potassium levels might be observed.

Hypokalemia is a condition of low K+ plasma levels (< 3.5 mEq/L) that might have 
different causes in cancer patients. The principal causes of hypokalemia are reported 
in Table 1.

In cancer patients, the main cause of hypokalemia is a reduced K+ intake due to 
malnutrition and malabsorption. In particular cases (i.e. Neuroendocrine Tumors), 
hypokalemia could be provoked by secretive diarrhea that causes potassium losses 
[12, 13]. Other tumors cause hypokalemia with the ectopic secretion of hormones 
(cortisol, ACTH and mineralocorticoids) [14].

In other cases, hypokalemia could be a secondary effect of cancer therapy, since 
some agents might cause diarrhea or vomiting thus leading to K+ loss. Different 
cancer therapy agents (such as cisplatin, anti-EGFR agents and mTOR inhibitors, for 
instance) could induce renal damage associated to hypokalemia due to K+ loss caused 
by tubular toxicity. For this reason, before starting therapy, renal function should be 
evaluated in order to prevent additional renal damage [15].
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Also, the simultaneous treatment with different agents (for example thiazide 
diuretics and glucocorticoids) might lead to hypokalemia because they promote 
potassium renal losses. Finally, the concomitant presence of endocrine dysfunctions 
might cause hypokalemia due to glucocorticoids or mineralocorticoids excess [14, 16].

Hyperkalemia is a condition of increased K+ plasma levels (> 5.5 mEq/L). The 
principal causes of hyperkalemia are reported in Table 2.

The main causes of hyperkalemia in cancer patients are represented by reduced 
renal elimination caused by renal failure and redistribution within extracellular 
compartment.

In cancer patients there are different conditions than can induce hyperkalemia [1]. 
For instance, highly proliferative tumors can develop lysis syndrome after anticancer 
therapy, thus causing hyperkalemia. As in the case of hypokalemia, also treatment 

Decreased K+ 
intake

Starvation

Clay ingestion

Redistribution 
into cells

Acid-Base

Metabolic alkalosis

Hormonal

Insulin

β2 adrenergic agonists

α adrenergic antagonists

Anabolic state Vitamin B12 or folic acid

Granulocyte-macrophage 
colony stimulating factor

Total parenteral nutrition

Other Pseudo-hypokalemia

Hypothermia

Hypokalemic periodic 
paralysis

Barium toxicity

Increased loss Nonrenal Gastrointestinal loss 
(diarrhea)

Integumentary loss (sweat)

Renal Increased distal flow 
(diuretics….)

Increased K+ secretion Mineralocorticoid excess

Distal delivery of non-reabsorbed 
anions (vomiting, nasogastric 
suction….)

Other Amphotericin B

Liddle’ s syndrome

Hypomagnesemia

The causes primarily represented in cancer patients are indicated in bold.

Table 1. 
Main causes of hypokalemia.
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with chemotherapeutic agents such as platinum compounds might lead to hyperka-
lemia due to renal injury. Patients treated with a combination of drugs (i.e. potas-
sium sparing diuretics, NSAIDs, angiotensin-converting enzyme inhibitors) might 
develop hyperkalemia. Also, the occurrence of concomitant disease (i.e. diabetes 
mellitus, sepsis, renal failure) or the need of parenteral nutrition might cause hyper-
kalemia [17, 18]. An important cause of hyperkalemia is represented by Tumor Lysis 
Syndrome, a serious condition characterized by hyperkalemia, hyperphosphatemia, 
hypocalcemia, hyperuricemia and hyperazotemia (Figure 2).

Figure 2. 
Schematic diagram of tumor lysis syndrome.

Renal failure

Decreased distal flow

Decreased K+ secretion

Impaired Na+ 
reabsorption

Primary hypoaldosteronism

Secondary hypoaldosteronism

Resistance to aldosterone

Enhanced Cl− reabsorption NCC channel at 
the distal tubule

Gordon’s syndrome

Cyclosporine

The causes primarily represented in cancer patients are indicated in bold.

Table 2. 
Main causes of hyperkalemia.
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TLS generally occurs within 72 hours from the therapy beginning and it is due to 
necrosis and subsequent release of cell content into the bloodstream [19]. In particu-
lar, there is an increase of potassium, phosphate and uric acid plasma levels while 
calcium levels are reduced. As a consequence, calcium phosphate precipitates in renal 
tubules, thus causing kidney injury and failure. Renal injury causes a worsening of 
metabolic disorders and hyperkalemia that can lead to arrhythmias, seizures, weak-
ness and muscle cramps. Some cancer patients have a higher risk of developing TLS: 
for example, patients with a large tumor burden, rapidly growing tumors and tumors 
highly responsive to therapy (either standard chemotherapy, hormonal, radiation and 
targeted therapy). All these factors should be carefully evaluated before starting the 
treatment [20]. TLS generally occurs after a week of treatment but it can also develop 
spontaneously, for example in childhood cancers [21]. Moreover, patients suffering 
from additional renal dysfunctions have a higher risk of developing TLS.

Other causes of hyperkalemia in cancer patients are represented by adrenal 
insufficiency (Addison’s disease) due to metastases in the adrenal gland especially 
in patients with advanced tumor of the breast and lung. Nevertheless, although 
the frequency of adrenal metastases is high, adrenal failure is rare due to the use of 
corticosteroids [22].

3.1 Potassium in paraneoplastic syndromes

According to the National Cancer Institute (NCI, Dictionary of Cancer Terms, 
https://www.cancer.gov/publications/dictionaries/cancer-terms) a paraneoplastic 
syndrome is defined as follows: “A group of symptoms that may develop when sub-
stances released by some cancer cells disrupt the normal function of surrounding cells 
and tissue”. This definition implies that a cancer patient may develop symptoms that 
are not directly attributable to tumor invasion or compression [23]. Paraneoplastic 
syndromes may have impact on different organs, such as endocrine, neurologic, 
hematologic, rheumatologic and dermatologic systems. Such group of disorders may 
be due to the ectopical secretion of hormones and peptides (endocrine paraneoplastic 
syndromes) or immune cross-reactivity (neurologic paraneoplastic syndromes) [24].

The only endocrine paraneoplastic syndrome involving K+ alteration is Cushing 
syndrome, characterized by hypercortisolism [25]. The syndrome is caused by the 
secretion of adrenocorticotropic hormone or corticotropin-releasing factor from 
tumor cells [26, 27] followed by cortisol secretion from the adrenal glands. The main 
features of Cushing syndrome are reported in Table 3.

Clinical features Laboratory findings Associated tumors References

Muscle weakness;
Peripheral edema;
Hypertension;
Weight gain;
Centripetal fat 
distribution

Hypokalemia (<3.0 mEq);
High cortisol baseline level 
(>29 μg/dL);
Urinary free cortisol 
level > 47 μg/24 h
Midnight ACTH 
level > 100 ng/L

Neuroendocrine lung 
tumors;
Small cell lung cancer;
Thymoma; Medullary 
thyroid cancer;
Gastrointestinal tract 
cancer;
Ovarian cancer;
Pancreatic cancer;
Adrenal cancer

[26–29]

Table 3. 
Main features of Cushing syndrome.
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In contrast to other paraneoplastic syndromes (i.e. syndrome of inappropriate 
antidiuretic hormone secretion and hypercalcemia), patients often develop Cushing 
syndrome’s symptoms before cancer is diagnosed. Moreover, the reappearance of 
Cushing syndrome may precede tumor recurrence [24].

4. Potassium channels

The multi-gene family of potassium channels is made of several subfamilies 
(Figure 3): calcium-activated channels, voltage-gated channels, inward rectifiers and 
two-pore domains (reviewed in [30, 31]).

Calcium-activated potassium channels are represented by two classes of proteins: 
“small- and intermediate- conductance” (SK) and “high-conductance” (BK) potas-
sium channels. SK channels assemble as tetramers and each monomer is composed by 
six transmembrane domains (S1-S6) with a central pore in the S5-S6 region. Similarly, 
BK channels are organized as tetramers with α and β subunits; in this case the pore is 
formed by α subunits.

Voltage-gated potassium channels are composed by four subunits (each consti-
tuted by six transmembrane domains termed S1-S6) surrounding an aqueous pore. In 
these channels, the pore (P) is formed by a loop between S5 and S6. S4 domain acts as 
voltage sensor.

Inward rectifier potassium channels are tetramers, with each monomer character-
ized by only two transmembrane domains linked by a P-loop.

The last subfamily is represented by Two-pore domains channels, made of four 
transmembrane domains with two regions forming the aqueous pores.

4.1 Potassium channels in human cancer

Among ion channels, those selective for K+ channels are the most frequently de-
regulated in cancers. Several reports have been published over the years, highlighting 

Figure 3. 
Potassium channels subfamilies.
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K+ channels’ relevance in human solid cancers [31]. For example, in colorectal cancer 
the presence of the transcripts of KCNA3, KCNA5, KCNC1, KCNH1 [32–34], KCNH2 
[35] and KCNK9 [36] was reported.

KCa1.1 channels (also indicated as BK channels) are encoded by the KCNMA1 
gene, located in 10q22, and belong to the high conductance subgroup of the calcium-
activated subfamily. For these channels a clinical relevance in breast and prostate 
cancer has been demonstrated [37–41]. In breast cancer, KCNMA1 gene amplifica-
tion occurs in invasive ductal tumors, and it is associated with high grade, high stage 
and unfavorable prognosis [37]. Moreover, KCa1.1 expression positively correlates 
with estrogen receptors [41] and the channel is expressed at higher levels in breast 
cancers developing metastases to brain [38]. Similarly, in prostate cancer KCNMA1 
is more frequently amplified in late-stage tumors [39] and represents a promising 
diagnostic biomarker since it is over-expressed in tumors with Gleason score equal 
to 5–6 [40].

KCa3.1, encoded by the KCNN4 gene, is another member of the calcium-activated 
subfamily that is frequently upregulated in high grade breast cancers [42], small 
cell lung cancer [43], colorectal cancer [44] and pancreatic ductal adenocarcinomas 
[45]. In small cell lung cancer, KCNN4 hypomethylation was shown to be a negative 
prognostic factor [43].

Kv1.3 (also named KCNA3) is a channel belonging to the voltage gated subfamily 
that was shown to be overexpressed in Gleason score 5–6 prostate cancer samples 
with respect to Gleason Score 8–9 patients [46], being down-regulated in high grade 
tumors [47]. In pancreatic cancer Kv1.3 is down-expressed with respect to healthy 
pancreas and such downregulation could be due to the methylation of the promoter of 
the gene and it was also associated with the development of metastases [48].

Kv7.1 (also named KCNQ1) was shown to be over-expressed in lung tumors and to 
regulate cell proliferation and migration [49].

Kv10.1 (KCNH1) was shown to be expressed in esophageal squamous cell carci-
noma and it was proposed as an independent negative prognostic factor [50]. Kv10.1 
is highly expressed also in colorectal cancers where it is associated with lymph node 
metastasis, tumor size, Dukes staging and was therefore proposed as a prognostic 
marker [51]. Also in gastric cancer it was demonstrated that high Kv10.1 expression is 
associated with lymph node metastasis and higher stage [52].

Kv11.1 (KCNH2) was found to be expressed in a high percentage of esophageal 
squamous cell carcinoma samples with respect to healthy esophageal squamous 
epithelium [53]. Similarly, in esophageal adenocarcinomas it was shown that Kv11.1 
as well as the corresponding gene are expressed [54] and more recently it was shown 
that preneoplastic lesions expressing high levels of Kv11.1 have a significantly higher 
risk to progress towards adenocarcinoma [55]. Kv11.1 is also associated with TNM 
stage, grading, serosal and venous invasion, Lauren intestinal type and VEGF-A 
expression in gastric cancer [56, 57]. In colorectal cancers, the overexpression of 
Kv11.1 regulates cell invasion [35]. Moreover, in TNM I and II samples Kv11.1 presence 
associated with Glut-1 absence represents an independent negative prognostic factor 
[58]. More recently, it was shown that the concomitant expression of hERG1 and 
HIF-2α represents a prognostic biomarker and it can be used to select metastatic CRC 
patients suitable to be treated with Bevacizumab [59]. In pancreatic cancer Kv11.1 is 
associated to aggressive behavior and poorer prognosis [60].

Kir3.1 (KCNJ3) channels belong to the inward rectifier subfamily and it was 
shown that they positively correlated with lymph node metastases in breast 
 cancer [61].
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Several members of the Two Pore Domain family have been shown to be overex-
pressed in human tumors [62]. Quite recently, K2P6.1 (KCNK6) was shown to be 
expressed in breast cancer and to promote proliferation, migration and invasion [63]. 
The gene encoding for K2P9.1 (KCNK9, located on 8q23.4) was proven to be ampli-
fied in breast cancer [64]. Another member of the same family, K2P5.1 (KCNK5) is 
induced by estrogens in ER-positive breast cancer cells [65]. K2p 2.1 is overexpressed 
in prostate cancer, where it regulates cell proliferation [66].

5. Conclusion

Potassium is one of the most important mineral for humans, therefore its homeo-
stasis is under tight control. Alterations of potassium homeostasis are frequent in can-
cer patients as well as alterations in potassium channels, and the clinical management 
of such patients must take into account the possibility for the patient of developing 
hypo- and hyperkaliemia to define a proper protocol of treatment.
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