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The plasma pool of potassium is a partial reflection of the overall body, transient cellu-
lar shifts, and potassium elimination regulated by the kidneys. Potassium concentrations
elevating above the upper limit of normal (> 5.0 mEqg/L) have become more common
in cardiovascular practice due to the growing population of patients with chronic kid-
ney disease and the broad applications of drugs that modulate potassium excretion by
either reducing production of angiotensin Il (angiotensin-converting enzyme inhibitors,
direct renin inhibitors, beta-adrenergic receptor antagonists), blocking angiotensin II
receptors (angiotensin receptor blockers), or antagonizing the action of aldosterone

on mineralocorticoid receptors (mineralocorticoid receptor antagonists). In addition,
acute kidney injury, critical illness, crush injuries, and massive red blood cell transfu-
sions can result in hyperkalemia. Progressively more severe elevations in potassium are
responsible for abnormalities in cardiac depolarization and repolarization and contrac-
tility. Untreated severe hyperkalemia results in sudden cardiac death. Traditional man-
agement steps have included reducing dietary potassium and discontinuing potassium
supplements; withdrawal of exacerbating drugs; acute treatment with intravenous
calcium gluconate, insulin, and glucose; nebulized albuterol; correction of acidosis with
sodium bicarbonate for short-term shifts out of the plasma pool; and, finally, gastroin-
testinal ion exchange with oral sodium polystyrene sulfonate in sorbitol, which is mainly
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Acute and Chronic Cardiovascular Effects of Hyperkalemia continued

used in the hospital and is poorly tolerated due to gastrointestinal adverse effects. This
review explores hyperkalemia as a complication in cardiovascular patients and highlights
new acute, chronic, and preventative oral therapies (patiromer calcium, cross-linked
polyelectrolyte, ZS-9) that could potentially create a greater margin of safety for vulner-
able patients with combined heart and kidney disease.

[Rev Cardiovasc Med. 2014,;15(1):11-23 doi:10.3909/ricm0727]
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effects of kidney disease

here are approximately 500,000
Tto 900,000 individuals in the

United States with stage 4
chronic kidney disease (CKD), with
an estimated glomerular filtration
rate (eGFR) of 15 to 29 mL/min/
1.73 m? and who move in a rela-
tively short period of time into
stage 5 CKD (eGFR < 15 mL/min/
1.73 m?).! 1t is well recognized that
CKD is prevalent among patients
with heart disease and that CKD
increases the risks and conse-
quences of all major categories of
cardiovascular illness including
coronary artery disease, cardio-
myopathy, valvular disease, and
arrhythmias.”> Retention of potas-
sium due to a decrease in renal
elimination is somewhat predict-
able at an eGFR < 10/min/1.73 m2.
At this decreased level of renal
filtration, average dietary intake
(120 mEq/day) commonly exceeds
renal clearance, and therefore, the
mainstay of management is further
reductions in dietary intake includ-
ing all forms of food and dietary
potassium supplements (salt substitu-
tes) down to a target of 40 mEq/day.*
In clinical practice, approxi-
mately ~60% of patients with
stage 5 CKD are under the care of
a nephrologist and are amenable

to educational efforts, including
dietary counseling, in prepara-
tion for chronic renal replacement
therapy.” However, those who pres-
ent late to a nephrologist are at
higher risk for poorly controlled
metabolic abnormalities includ-
ing hyperkalemia.® In contrast,
there are approximately 15.5 mil-
lion Americans with stage 3 CKD
(eGFR 30-59 mL/min/1.73 m?),
most of whom are actively treated
with agents to slow the progression
of CKD, including angiotensin-
converting enzyme inhibitors (ACEI)
or angiotensin receptor blockers
(ARB)." Additionally, patients with
myocardial disease or heart failure
(HF) are often treated with ACEI
or ARB, mineralocorticoid receptor
antagonists (MRA), beta-adrenergic
antagonists, and in many cases,
combinations of these agents. These
agents, which are associated with
chronic hyperkalemia, also elevate
the risk of acute hyperkalemia if
there is an inciting event or rapid
reduction in eGFR. Observational
data have suggested the time period
from initiation of one or more of
these agents and the onset of hyper-
kalemia is approximately 1 week,
but is clearly dependent on the base-
line serum creatinine and potassium
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concentrations.” It is somewhat
unclear in terms of understanding
the burden of hyperkalemia in this
broader population of patients who
could be considered to have a type
4 cardiorenal syndrome that is CKD
and is contributing to or worsening
chronic HE®

Since 1999, the mandate for use of
MRAs (eg, spironolactone, eplere-
none) in HF has become intensified
with a bevy of large clinical trials
demonstrating benefit in severe HF
with reduced ejection fraction fol-
lowed by left ventricular dysfunc-
tion postmyocardial infarction and
less severe HF with reduced ejec-
tion fraction.’! Juurlink and col-
leagues reported that the frequency
of spironolactone prescriptions in
Canada increased from < 40/1000
to > 140/1000 during the years
after publication of the Randomized
Aldactone  Evaluation  Study
(RALES) study in 1999 (Figure 1);
however, this was associated with a
rise in the rate of hospitalization for
hyperkalemia from 2.4 to 11.0/1000
patients (Figure 1)."> Other observa-
tional studies suggest that although
baseline creatinine and potassium
are present in medical records fol-
lowing hospitalization and initiation
on MRA therapy, a large proportion
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Figure 1. Frequency of spironolactone prescriptions in Canada increased from < 40/1000 to >140/1000
during the years after publication of the Randomized Aldactone Evaluation Study (RALES) study in 1999
(A). This was associated with arise in the rates of hospitalization for hyperkalemia from 2.4 to 11.0/1000 patients
(B). Reproduced with permission from Juurlink DN et al.™

of patients did not have follow-up
measurements of potassium con-
centration within an appropri-
ate timeframe (recommended at 3
and 7 days in current guidelines),
and, hence, are at risk for presenta-
tion of hyperkalemia in the days to
weeks after initiation of therapy.”
Multiple analyses have found that,
despite the higher risks of hyper-
kalemia at lower eGFR, patients
with more severe CKD in these tri-
als benefit from MRA therapy.*"?
However, fear about hyperkalemia
has limited the use of MRA therapy
despite strong evidence for benefit
in terms of reduction in hospital-
ization and death.!*'® Furthermore,
a growing body of literature has
demonstrated that dosing of ACElIs,
ARBs, and MRAs are frequently
not optimized in patients with

HF in the clinical setting, often due
to concerns about renal function
and hyperkalemia.”** This is par-
tially due to guidelines that recom-
mend MRA initiation as a class I

There is an emerging epidemi-
ology concerning presentation
potassium concentrations in the
setting of acute myocardial infarc-
tion (AMI). Health Facts data-
base indicates that among 38,689
patients with confirmed AMI, 2094
(5.4%) and 1369 (3.5%) presented
with admission potassium levels
of 5.0 to < 5.5 mEq/L and = 5.5
mEq/L, respectively. The mean
eGFR in these groups were 45.2 and
34.7 mL/min/1.73 m?, respectively,
and 121 (5.8%) and 158 (11.5%) were
receiving renal replacement ther-
apy prior to admission.* Potassium
was found to have a Gaussian dis-
tribution on admission, and mean
postadmission potassium levels
conferred an independent asso-
ciation with ventricular fibrillation
and death at both the lower and the
upper ranges (Figure 2). A mean
postadmission serum potassium
= 5.5 mEq/L during the hospital-
ization was associated with death
in > 60% of patients, correspond-
ing to a 12-fold risk compared with
a serum potassium level between
3.5 to 4.5 mEqg/L. Upon analysis
of admission potassium (vs mean
postadmission potassium), this
U-shaped relationship was con-
firmed and further strengthens the
potential causality interpretation.
Whereas some of this association

Data suggest that there may be a narrow therapeutic window to
lower serum potassium in those with emerging hyperkalemia in

the setting of AMI.

indication only if serum creatinine
= 2.5 mg/dL or = 2.0 mg/dL (or
eGFR > 30 mL/min/1.73 m?) in men
and women, respectively, and potas-
sium < 5.0 mEq/L.*’ Conversely, the
guidelines advise against the use of
MRA when these parameters are
not met (class III recommendation)
given the potential harms of hyper-
kalemia as demonstrated in cohorts
of patients where MRAs have been
initiated.**

could be ascribed to the well-known
impact of CKD on myocardial dis-
ease, even after adjustment for
eGFR and the development of acute
kidney injury, elevated potassium
was associated with worsened out-
comes. These data suggest that
there may be a narrow therapeutic
window to lower serum potassium
in those with emerging hyper-
kalemia in the setting of AMI.
Furthermore, even potassium
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Figure 2. Independent association with ventricular fibrillation and death at both the lower and the upper
ranges. Each x-axis interval is equal to or greater than the lower limit of the interval and less than the upper
limit. The first interval includes all serum potassium levels less than 3.0 mEg/L; the last interval includes all
levels equal to or greater than 5.5 mEg/L. Reproduced with permission from Goyal A et al.?®

concentrations between 4.5 and
5.0 mEq/L (which are within the
“acceptable” 4.0-5.0 mEq/L target
range endorsed by some guidelines)
were associated with a twofold
increased risk of in-hospital mor-
tality compared with patients with
potassium concentrations between
3.5and 4.5 mEq/L.>**” This twofold
increased risk was not attenuated
even after multivariable adjustment
for patient- and hospital-level fac-
tors. Thus, patients with AMI may
have a narrower window of opti-
mal potassium concentration, and
levels above or below appear to be
associated with increased risk for
arrhythmias and death.

Pathophysiology

Potassium is the most abundant
cation in the human body, with 98%
intracellular (140 mEq/L) and 2%
extracellular (3.8-5.0 mEq/L). The
pathophysiology of hyperkalemic
states is complicated and involves
dietary and supplemental intake,
neurohumoral systems, acid-base
balance, and, most importantly,
function of the principal cell in
the collecting duct of the kidney.
For the sake of this review, which
is oriented toward cardiologists,
we will not cover the relatively

rare syndromes of hyporeninemic
hypoaldosteronism, pseudohypoal-
dosteronism I and IT (Gordon’s syn-
drome), and adrenal insufficiency.
Instead, we focus on the predi-
alysis CKD patient who has either
chronic or acute cardiovascular
disease, most commonly myocar-
dial dysfunction. There are several
key principles in the development
of hyperkalemia in these patients
(Figure 3). Any known cause of a
reduction in the secretion of renin
can begin a cascade of biochemical
events worsened by ACEIs, ARBs,
and MRAs, ultimately leading to
less angiotensin II stimulation of
the zona glomerulosa cells within
the adrenal glands, and reduced
production and circulation of
aldosterone. The principal cell in
the collecting duct is the major
regulator of urinary potassium
excretion and the epithelial sodium
channel (ENaC) located on its lumi-
nal surface recovers sodium from
the urine and under normal condi-
tions leads to the lumen-negative
potential essential for potassium
and proton secretion. Aldosterone
is the most important stimulus to
the principal cell via MRA receptors
and signal transduction to ENaC
resulting in sodium reabsorption
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and to renal outer medullary potas-
sium channels (ROMK) signaling
potassium excretion into urine,
the net result being sodium reab-
sorption and potassium excretion.
Thus, in patients with CKD, which
is a proxy for fewer principal cells,
reducing aldosterone activity on
MRA by any means can result in
a failure to excrete potassium and
hyperkalemia. A particularly high-
risk subgroup is patients with type 1
diabetes and distal type 4 renal
tubular acidosis. In these patients,
potassium is shifted out of cells in
the systemic circulation and, at the
same time, the principal cells in
the collecting duct are sensing low
sodium delivery and, in the setting
of ACEI, ARB, MRA, are at very
high risk, over a period as little as
a few days, for the development of
severe hyperkalemia after initiation
of one of these agents.”® As shown
in Figure 3, multiple drugs have
been implicated in the development
of both acute and chronic hyperka-
lemia. Furthermore, because loop
diuretics create more availability
of urinary sodium at the level of
the principal cell, aldosterone has
a relatively magnified impact in
terms of sodium resorption and
potassium loss. Hence, loop diuret-
ics tend to mask a tendency toward
hyperkalemia and when reduced in
dose or discontinued, elevations in
potassium may manifest.

All myocytes in the body
are dependent on extracellular
potassium for repolarization.
Conduction system cells have a
greater reliance on extracellular
potassium along with calcium in
both depolarization and repolar-
ization. When serum potassium is
elevated to critical levels, normal
gradients cannot be maintained
across cell membranes, and clas-
sic signs and symptoms are
observed. For example, hyperka-
lemia can lead to weakness, with
the most dramatic example being
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Figure 3. Key principles in the development of hyperkalemia. Reproduced with permission from Palmer BF.*

hyperkalemic periodic paraly-
sis.? All cardiac cells have chan-
nels regulating the movement of
ions, including potassium, dur-
ing the action potential and myo-
cardial contraction (Figure 4).
Nine major potassium channels
are listed in Table 1. Of note,
the inwardly rectifying (I, I, .
I oo i na) @and delayed rectifier
(I.,) currents are most impacted
by extracellular concentrations
of potassium, and, hence, in
response to hyperkalemic condi-
tions, their action can result in

the classic electrocardiographic
(ECG) changes shown in Figure 5.

The typical ECG findings in
hyperkalemia progress from tall,
“peaked” T waves with shortened
duration and a shortened QT inter-
val, to lengthening PR interval and
loss of P waves, and then to widen-
ing of the QRS complex culminat-
ing in a “sine wave” morphology.
With the sine wave morphology,
it is important to recognize that
either electromechanical failure
or ventricular fibrillation is immi-
nent. Unfortunately, depending

on the time course of hyperkale-
mia and the ability of potassium
channels to adjust to higher con-
centrations of extracellular and
intracellular  potassium, ECG
changes are not a reliable indica-
tor of serum potassium levels.*
With adaptation, patients with
end-stage renal disease (ESRD)
can tolerate higher concentra-
tions of potassium without ECG
changes, and this may indicate a
relative protection against lethal
arrhythmias as a result of hyper-
kalemia. Montague and coworkers
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Figure 4. Diagram of channels regulating the movement of ions, including potassium, during the action potential and myocardial contraction. Reproduced with permis-
sion from Paulev PE, Zubieta-Callej G. Cardiac action potentials and arrhythmias. In: New Human Physiology, 2nd ed. Copenhagen: University of Copenhagen; 2004.

studied 90 patients with potassium
> 6.0 mEq/L and simultaneous
ECG tracings, and found that only
16 (18%) had classic ECG findings
of peaked T waves assessed in lead
V, and in the lead with the great-
est R-wave amplitude. To compli-
cate matters, in this study, 43% of
subjects had baseline conduction
abnormalities, which are common
in CKD, and there was poor con-
cordance among clinical readers
about peaked T-waves.* In patients
on hemo- or peritoneal dialysis,
ECG findings typically occur at
much higher serum potassium
levels than in those with more pre-
served renal function. Thus, in a
dialysis patient, peaked T waves
can be seen, but additional serial
shortening in the T-wave duration,
loss of P waves, or progressive QRS

Figure 5. Extracellular concentrations of potassium result in the classic electrocardiographic (ECG) changes.
Reproduced from ECG images in hyperkalemia. Hyperkalemia Blog Web site. http://hyperkalemiablog.
blogspot.com/2013_12_01_archive.html. Accessed February 20, 2014.

(5.5-6.5 mEq/L)

Moderate
(6.5-8.0 mEq/L)

Severe
(> 8.0 mEq/L)

Serum Typical ECG Possible ECG
Potassium Appearance Abnormalities
Mild Peaked T waves

Prolonged PR segment

Loss of P wave

Prolonged QRS complex
ST-segment elevation

Ectopic beats and escape rhythms

Progressive widening of QRS complex
Sine wave

Ventricular fibrillation

Asystole

Axis deviations

Bundle branch blocks

Fascicular blocks
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TABLE 1

Kr

(beta subunit)

Kur

[ SK2 (alpha subunit)

K.Ca

Ito (Ito1’ IA)
(beta subunit)

K.ATP

Na/K

Current Subunit

I HCN4 (alpha subunit)

|, Kir2.1 (apha subunit)

Lo Uae leage)  Kir3.1/Kir3.4 (alpha subunit)

[ hERG (alpha subunit) MiRP1

[ Kv1.5 (alpha subunit)

Kv4.3 (alpha subunit) KChIP2
| Kir6.2 (alpha subunit)/SUR

I Alpha subunit/beta subunit

Major Potassium Channels in Cardiomyocytes

Action

Hyperpolarization current (sodium/potassium) in sino-atrial and
atrioventricular nodes, His-Purkinje cells to generate phase 4
depolarization and impulse generation

Inwardly rectifying potassium current maintains resting membrane
potential in atrial, His-Purkinje, and ventricular cells

Inwardly rectifying potassium current activated by muscarinic
receptors in sino-atrial and atrioventricular nodes and atrial cells
Delayed rectifier potassium current plays a major role in determin-
ing duration of action potential

Ultrarapid activation, ultraslow deactivation in atrial myocytes
Potassium through small conductance calcium channels in atrial

myocytes
phase | repolarization

ischemia

Transient outward potassium current contributes to time course of
Time-independent potassium current activated by fall in ATP during

Sodium outward, potassium inward ATPase inhibited by digoxin

ATP, adenosine triphosphate.

widening can be harbingers of
severe unexpected hyperkalemia.*
In pacemaker patients, hyperka-
lemic ECG changes can present
clinical challenges in the interpre-
tation of paced cardiac rhythms.*
In addition, hyperkalemia can be
detected in some cases by changes
in lead impedance measured by
automatic implantable defibril-
lators (ICD) giving clinicians a
warning of periodic elevations in
potassium.”® As expected, hyper-
kalemia has been the cause of
sufficient changes on the intra-
cardiac electrogram to trigger ICD
defibrillation discharge, primarily
by oversensing peaked T waves.**

Clinical Outcomes

The outcomes of patients who
are discovered to have peri-
odic or persistent hyperkalemia
are consistently poor across the
care continuum. In a study from
Korea, 1803/282,832 (0.6%) of

hospitalizations were associated
with hyperkalemia.”® A total of 923
nonhospice cases with complete
data were analyzed with a mean
age of 61 years, 41% with diabe-
tes, 70% with CKD, and 17% on
dialysis. In those patients hospi-
talized for or with acute hyperka-
lemia (potassium = 6.5 mEq/L),
40% had hyperkalemia upon pre-
sentation and 60% developed it
sometime during the hospitaliza-
tion, with 70% displaying typical
ECG changes. The most common
presenting symptom was cardiac
arrest with asystole or sinus arrest,
followed by other arrhythmias, and
skeletal muscle weakness. A total of
52% had underlying CKD and 22%
had superimposed acute kidney
injury (AKI). As a part of resus-
citation, 24% had hyperkalemia-
causing drugs discontinued and
27% underwent some form of renal
replacement therapy. Severe hyper-
kalemia improved in 715 patients

(77.5%), and a total of 283 patients
(30.7%) died. Infection, volume
depletion, and bleeding were sig-
nificantly associated with a higher
case fatality rate. Furthermore, the
development of AKI in patients
with normal baseline renal func-
tion was a predictor of increased
mortality (odds ratio [OR] 5.23;
95% confidence interval [CI], 3.75-
7.30; P < .001). In contrast, the
mortality rate was lower in patients
with AKI superimposed on CKD
(OR 0.53; 95% CI, 0.40-0.70;
P < .001), suggesting CKD-related
adaptation to chronically higher
levels of potassium may have been
protective. However, Jain and col-
leagues found that both CKD stage
and severity of hyperkalemia were
both independently associated with
mortality among a large cohort
(n = 15,803) treated with cardio-
vascular drugs.*

Einhorn and colleagues analyzed
66,259 hyperkalemic (potassium
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Figure 6. Percentage mortality rate within 1 day of hyperkalemic event. Data from Einhorn LM et al.*’

= 5.5 mEq/L) events (3.2% of a
representative sample of hospital-
ization events) from the Veterans
Administration and found that
47% were detected on outpatient
encounters.” As expected, ACEIs,
ARBs, and MRAs were associated
with hyperkalemia. The 1-day risk
of a hyperkalemic event are shown
in Figure 6 and were noted to be
higher in those without preexisting
CKD as compared with those with
CKD, which was consistent with
the findings of An and colleagues.*

Similar to the findings of Goyal
and coworkers in AMIL?* Torlén
and colleagues found among a
large peritoneal dialysis cohort
(N = 10,468) that there was a
U-shaped relationship between
serum potassium level and car-
diovascular, infection-related, and
all-cause mortality.*® Of note, a time-
averaged potassium = 5.5 mEq/L
was associated with 50% excess of
both cardiovascular and all cause
mortality in this cohort.

McMahon and colleagues stud-
ied 39,705 adult patients over 10
years with a mean age of 63 years,
16% of whom with AMI, who were
hospitalized in the intensive care
unit.”” Higher admission potassium

values were associated with AKI
and ESRD, but otherwise occurred
in a broad spectrum of patients.
The highest potassium concen-
tration on the day of critical care
initiation was an independent pre-
dictor of 30-day death in a graded
manner compared with the referent
group of K = 4.0 to 4.5 mEq/L: K
= 4.5-5.0 mEq/L, OR 1.25 (95% ClI,
1.16-1.35; P < .0001); K = 5.0-5.5
mEq/L, OR 1.42 (95% CI, 1.29-1.56;
P <.0001); K = 5.5-6.0 mEq/L, OR
1.67 (95% CI, 1.47-1.89; P < .0001);
K = 6.0-6.5 mEq/L, OR 1.63 (95%
Cl, 1.36-1.95; P < .0001); and K >
6.5 mEq/L, OR 1.72 (95% CI, 1.49-
1.99; P < .0001). Interestingly, in
patients whose potassium concen-
tration declined = 1 mEq/L after
48 hours in the intensive care unit,
the association between hyperka-
lemia and mortality was no longer
statistically significant, suggesting
either treatment of hyperkalemia
or natural resolution was favorable
in terms of mortality.

Management

Potassium monitoring is the cor-
nerstone of management and is
associated with lower rates of
hyperkalemia among patients

18 ¢ Vol. 15 No. 1 ® 2014 e Reviews in Cardiovascular Medicine

who are at risk.*” However, when
a patient develops or presents with
acute hyperkalemia, emergency
department care and hospitaliza-
tion are frequently warranted. The
initial focus is on hemodynamic
stabilization and rapid correction
of potassium by causing shifts from
the extracellular to intracellular
compartment, followed by find-
ing a more durable solution over
the next several hours to days. In
a patient with acidosis, intrave-
nous acute sodium bicarbonate can
mediate a shift of potassium from
the extracellular to intracellular
compartment. Likewise, chronic
acidosis can be treated with oral
sodium bicarbonate therapy. For
both acute and chronic therapy,
sodium polystyrene sulfonate and
calcium polystyrene sulphonate
(available in Europe) are adjunctive
therapies for severe hyperkalemia.
Sodium polystyrene sulfonate, an
organic enteral potassium-sodium
exchange resin, nonselectively
binds potassium and other cations
(especially divalent cations like
calcium and magnesium). Sodium
polystyrene sulfonate was approved
by the US Food and Drug Admin-
istration (FDA) in 1958 with very
little clinical data, 4 years before
the Kefauver-Harris amendment
that required new therapies to have
proven efficacy.” Sodium polysty-
rene sulfonate is given in sorbitol,
which results in loose stools or
diarrhea. Diarrhea itself works to
lower potassium; however, it is an
uncomfortable side effect for hospi-
talized patients. In 2006, the FDA
advised against the use of a 70%
sorbitol solution given concerns
regarding bowel injury primar-
ily with retention enemas, and in
2009, the agency further recom-
mended that sorbitol not be added
to sodium polystyrene sulfonate,
thus making the premixed solu-
tion the standard hospital formu-
lary item.*” Today, approximately
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TABLE 2

Observed Dose of Sodium Polystyrene Sulfonate, Baseline
Potassium, and Reduction on Follow-up Measurement in

122 Patients Treated for Hyperkalemia (Potassium > 5.1 mEq/L),
Mean Serum Creatinine of 2.57 + 2.36 mg/dL

Mean Potassium Reduction
Group (mEg/L) (mEq/L)
159 (n = 30) 5.40 + 0.18 —0.82
30 g (n = 60) 5.51 +0.30 —0.95
459 (n=19) 5.83 + 0.46 —1.11
60g(n=13) 5.92 + 0.30 -1.14

Data from Kessler C et al.*}

5 million doses are given per year,
most commonly in a formulation of
15 g sodium polystyrene sulfonate
that is either given in 20 g of sorbitol
(33% sorbitol) with the FDA warn-
ing as mentioned earlier, or mixed
with water or syrup, and usually
administered at 15 to 30 g per dose.
In a single-center observational
study, Kessler and coworkers found
a range of sodium polystyrene sul-
fonate doses was associated with a
graded decrease in the potassium
concentration (Table 2).** As noted
by Watson and colleagues, sodium
polystyrene sulfonate is associ-
ated with frequent adverse effects
and carries the risk of acute bowel
necrosis both as an oral solution
and as a retention enema, particu-
larly in critically ill and postsurgical
patients.** In addition, hypernatre-
mia has been reported as a response
to excessive (~240 g) short-term
use.* Thus, sodium polystyrene
sulfonate is infrequently prescribed
as a chronic oral therapy by inter-
nists and cardiologists because of
diarrhea and concerns over hypo-
kalemia and sodium accumulation.

Fortunately, there are novel
treatments in development for
the treatment of both acute and
chronic hyperkalemia (Figure 7).
Patiromer calcium (RLY5016;
Relypsa, Inc, Redwood City, CA)
is a novel potassium exchange

resin formulated as a dry, odor-
less powder for suspension in
small amounts of water. It occurs
substantially in a spherical bead
form, and has a lower viscosity and
higher yield than polymeric drugs
made in bulk and ground into a
powder. Patiromer is insoluble in
typical solvents and passes through
the gastrointestinal tract without
degradation. It is being developed
as a chronic therapy to limit hyper-
kalemia seen with higher doses of
spironolactone (= 50 mg/d).*® The
Polymeric Potassium Binder, in a
Double-blind, Placebo-controlled
Study in Patients with Chronic
Heart Failure (PEARL-HF) study
included 195 patients with HF and
a history of hyperkalemia resulting
in discontinuation of ACEI, ARB,
or beta-adrenergic receptor antago-
nist, or CKD confirmed by an eGFR
of < 60 mL/min/1.73 m?, who were
randomized to double-blind treat-
ment with 30 g/d RLY5016 or pla-
cebo for 4 weeks. Spironolactone,
initiated at 25 mg/d, was increased
to 50 mg/d on Day 15 if potassium
was = 5.1 mEq/L.¥ Compared
with placebo, RLY5016 had sig-
nificantly lower serum potassium
levels (—0.45 mEq/L; P < .001); a
lower rate of hyperkalemia (potas-
sium > 5.5 mEq/L; 7.3% RLY5016
vs 24.5% placebo; P = .015); and
a higher proportion of patients

receiving spironolactone 50 mg/d
(91% RLY5016 vs 74% placebo;
P = .019). The most common
adverse events were gastrointestinal
disorders (eg, flatulence, diarrhea,
constipation, and vomiting), which
were reported with higher fre-
quency in the RLY5016 group (21%
vs 6%, respectively). Serum magne-
sium < 1.8 mg/dL during the treat-
ment period was seen in 13 (24%)
RLY5016-treated patients and in 1
(2.1%) placebo-treated patient.

In another trial focusing on
patients with HF, fluid overload,
and risks for hyperkalemia, a
novel cross-linked polyelectrolyte
polymer (CLP, CLP-1001; Sorbent
Therapeutics, Inc., Sunnyvale, CA),
was given orally to absorb both
water and electrolytes (sodium
and potassium) in the gastroin-
testinal tract with eventual elimi-
nation in the feces.”® A total of
113 subjects with HF and eGFR
~ 45 mL/min/1.73 m? were ran-
domized to CLP capsules versus
placebo. The primary outcome was
the change in potassium over time.
At 8 weeks, there was no differ-
ence in the change in serum potas-
sium between the groups. The two
groups were similar in terms of
incidence of hyperkalemia (potas-
sium > 5.5 mEq/L), 13 (22.4%)
versus 11 (21.2%), and hyperkale-
mia prompting discontinuation
of study drug, 6 (10.2%) versus 5
(9.3%). At the end of Week 4, the
percentages of patients eligible to
increase their daily spironolactone
dose to 50 mg because their serum
potassium level was = 5.1 mEq/L
were similar in the CLP and pla-
cebo groups (64.4% vs 73.1%;
P = .327). Weight loss and func-
tional capacity as secondary end-
points were significantly improved
in the CLP group. The rates of gas-
trointestinal adverse events were
14 (23.7%) and 7 (13.5%) in the
CLP and placebo groups, respec-
tively. Although CLP-1001 was not
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Patiromer Calcium

e Organic polymer

e 2-Propenoic acid, 2-fluoro-,
calcium salt (2:1), polymer
with diethenylbenzene

¢ and 1,7-octadiene

e Cross-linked polymer
of calcium 2-fluoroprop-

2-enoate with diethenylbenzene

¢ and octa-1,7-diene
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Cross-linked Polyelectrolyte

* Superabsorbent polymers

¢ Polyelectrolyte polymers bind
electrolytes and water forming
an expanded 3-dimensional gel

zs-9

e Inorganic polymer

e Octahedral [ZrO6]2-
Units confers negative
charge to the framework,
enabling cation exchange

Figure 7. Novel treatments in development for the treatment of both acute and chronic hyperkalemia. Data from Ash SR.4

effective for potassium control, it
demonstrated efficacy in terms of
sodium and fluid removal enter-
ally as a proof of concept for future
applications of polymers in HF. A
modification of CLP, CLP-1004, is
now beginning trials as a treatment
for hyperkalemia.

Neither patiromer nor CLP has
been studied as a treatment for
acute hyperkalemia (Table 3). A
novel agent, ZS-9 (ZS Pharma Inc.,
Coppell, TX) is being developed as
atreatment for bothacuteand long-
term chronic hyperkalemia. ZS-9
is an inorganic cation exchanger
engineered to have a highly selec-
tive, high-capacity crystalline lat-
tice structure to preferentially
entrap monovalent cations (specif-
ically excess potassium ions) over
divalent cations (eg, calcium and
magnesium). ZS-9 is available as
a tasteless, odorless tablet or pow-
der; requires no special handling,
refrigeration, or special prepara-
tion; and does not have to be given
in solution or with cathartics. In
the largest double-blind, placebo-
controlled clinical trial in patients

with hyperkalemia to date (ZS-
003), a total of 753 patients with
hyperkalemia (potassium levels
5.0-6.5 mEq/L)—which included
patients with CKD, heart failure,
diabetes, and those on ACEIs,
ARBs, or MRAs—were random-
ized to receive one of four doses
of Z8-9 (1.25g,2.5¢g,5¢g, or 10 g)
or placebo, administered three
times daily for the initial 48 hours
(acute phase) (Figure 8).* The

be studied as an adjunct to ACEIs,
ARBs, and MRAs in patients with
CKD and HF. Control of hyper-
kalemia in this setting may in the
future lead to expanded use and
improved medication adherence
and reduce the hazards of hyper-
kalemic events.

Conclusions
Both acute and chronic hyperkale-
mia complicate the management of

Vigilance with laboratory monitoring is critical to diagnose hyper-
kalemia because ECG changes are unreliable, particularly in those

with CKD.

primary endpoint was the rate of
change in serum potassium from
baseline throughout the 48-hour
acute phase. Results from the acute
phase and subsequent extended
period have been published as
of the time of this writing. Thus,
ZS-9 and potentially patiromer
appear to be the first oral therapies
that are safe and efficacious for the
treatment of hyperkalemia as an
alternative to sodium polystyrene
sulfonate, and is well positioned to
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CKD, HF, and AKI. Vigilance with
laboratory monitoring is critical to
diagnose hyperkalemia because
ECG changes are unreliable, par-
ticularly in those with CKD.
Cardiac arrest is the most frequent
presentation for acute hyperkale-
mia. Novel therapies in develop-
ment are warranted both as acute
remedies and as adjunctive thera-
pies allowing greater use of ACEIs,
ARBs, and MRAs in these vulner-
able populations. [ ]
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TABLE 3

Drug Class

Dose

Route of Adminis-
tration

Trial Population

Trial Size
(Author, year)

Study Length

Baseline eGFR
(mL/min/1.73 m?)

Baseline Potas-
sium (mEq/L)

Within Group
Reduction in
Potassium

Hyperkalemic
Events (potassium
> 5.5 mEg/L) vs
Placebo

Decongestion in
HF

Hypokalemia
(potassium
< 3.5 mEq/L)

Hypocalcemia
Hypomagnesemia

Gl Adverse
Effects

Sodium Polystyrene
Sulfonate

Organic polymer

15-30 g PO single dose
in 20 g sorbitol (33%
sorbitol) or 30-50 g p.r. i

Oral or colonic enema
(in 100 mL of warm
aqueous vehicle)

Baseline potassium
> 5.1 mEqg/L

CKD Stage 3-5, mean sCr

= 2.57 + 2.36 mg/dL

N = 140
(Kessler 2011)%

Days
NR

5.40 = 0.18

Dose-dependent; see
Table 3

NR

NR
NR
NR

NR
NR

Patiromer Calcium

Organic polymer

15 g PO bid (powder
in water)

Oral

Prior hyperkalemia
or HF with eGFR
< 60 mU/min/1.73 m?

N =104
(Pitt, 2011)¥

4 wk
84 + 35

4.69

—0.22 mEg/L by
Day 28

7% vs 25%

NR
6%
No

24%
21%

Conventional and Novel Enteral Cation Exchange Therapies for CKD and HF From Their Major Studies Witm
Potassium Changes and/or Hyperkalemia Events as Primary Outcomes

Cross-linked
Polyelectrolyte

Organic polymer

15 g PO qd (capsules)

Oral

Class Ill or IV HF

and CKD Stage 3

or 4 with eGFR

< 60 mL/min/1.73 m?

N=113
(Constanzo, 2012)*

8 wk
45.0 + 14.2

473+ 04

None

22.4% vs 21.2%

Yes
No
No

No
23.7%

Z5-9

Inorganic selective
potassium binder

10 g PO tid (powder
or tablet) X 48 h
then 10 g qd there-
after

Oral

Baseline potassium
5-6.5 mEq/L with HF,
CKD, DM, or ACEI,
ARB, MRA

N =753
(Ash, 2013)*

7d
AP

AP

—0.73 at48 h
(14 h after last dose)

AP

AP
AP
AP

AP
3.5%

ACEI, angiotensin-converting enzyme inhibitors; AP, awaiting publication; ARB, angiotensin receptor blockers; CKD, chronic kidney disease; DM, diabetes mellitus; Gl,

gastrointestinal; HF, heart failure; MRA, mineralocorticoid receptor antagonists; NR, not reported.
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If Patients Become Normokalemic,
Then Proceed to Maintenance Phase

| 12 DAYS

I_ 2 DAYS |

Double-blind, Randomized Maintenance Phase

T

Induction Phase
(DB, RCT)

DOSED: TID DOSED: QD

Placebo

(%}

Placebo
1.25¢g

1.25¢9

Placebo
25¢g

5|

Placebo

111

e e e

59

Placebo

10g

T

Secondary Endpoint
Rate of Change in S[K*]
From 48 Hours to Day 14

Primary Endpoint
Rate of Change in S[K™]
From Baseline to 48 Hours

Figure 8. Study design for the double-blind, placebo-controlled ZS-003 trial. A total of 753 patients with
hyperkalemia (potassium levels 5.0-.5 mEq/L), including patients with chronic kidney disease, heart failure,
diabetes, and those on ACEI, ARB, or MRA, were randomized to receive one of four doses of ZS-9 (1.25 g,
2.59, 549, or 10 g) or placebo, administered three times daily for the initial 48 hours (acute phase). S[K'],
serum potassium. Data from Ash SR
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