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Hyperkalemia is defined as serum potassium concentrations elevated above the 
upper limit of normal (. 5.0 mEq/L). It has become more common in cardiovascular 
practice due to the growing population of patients with chronic kidney disease and 
the broad application of drugs that modulate renal elimination of potassium by 
reducing production of angiotensin II (angiotensin-converting enzyme inhibitors, 
direct renin inhibitors, b-adrenergic receptor antagonists), blocking angiotensin II 
receptors (angiotensin receptor blockers), or antagonizing the action of aldosterone 
on mineralocorticoid receptors (mineralocorticoid receptor antagonists). The risk of 
hyperkalemia is a major limiting factor for the use of these disease-modifying drugs 
in both acute and chronic cardiorenal syndromes. Thus, agents to control the plasma 
concentration of potassium are needed in the multidrug treatment of cardiorenal 
disease, including chronic kidney disease, heart failure, and acute kidney injury. Novel 
oral therapies in development for both acute and extended use in the management 
of hyperkalemia include patiromer sorbitex calcium and sodium zirconium cyclosilicate. 
Important biochemical differences between these compounds result in unique product 
profiles and electrolyte outcomes in patients treated for hyperkalemia. This review 
highlights the major mechanisms of hyperkalemia and key results from randomized 
trials in a range of clinical scenarios in patients with, and at risk for, hyperkalemia.
[Rev Cardiovasc Med. 2015;16(2):140-155 doi: 10.3909/ricm0782]
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70% with CKD, 17% on dialysis). 
In those patients hospitalized for 
or with acute severe hyperkalemia 
(potassium $ 6.5 mEq/L), 40% had 
hyperkalemia upon presentation 
and 60% developed it sometime 
during the hospitalization, 
with 70% displaying typical 
electrocardiographic changes, 
including peaked T-waves, QRS 
widening, and loss of atrial P-waves. 
The most common presenting 
symptom was cardiac arrest with 
asystole or sinus arrest, followed 
by other arrhythmias, and skeletal 
muscle weakness. A total of 22% of 
patients had new-onset acute kidney 
injury (AKI), whereas 52% had AKI 
plus CKD. As a part of resuscitation, 
24% had hyperkalemia-causing 
drugs discontinuation and 27% 
underwent some form of renal 
replacement therapy. Severe 
hyperkalemia improved in 715 
patients (77.5%), and a total of 283 
patients (30.7%) died. Infection, 
volume depletion, and bleeding 
were significantly associated 
with a higher case fatality rate. 
Furthermore, the development 
of AKI in patients with normal 
baseline renal function 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 
plus 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. In contrast, 
Jain and colleagues7 found that 
individually, CKD stage and 
hyperkalemia were independently 
associated with mortality among a 
large cohort (N 5 15,803) treated 
with cardiovascular drugs.7

Einhorn and colleagues9 
analyzed 66,259 hyperkalemic 
(potassium $ 5.5 mEq/L) events 
(3.2% of a representative sample 
of hospitalization events) from a  

a reduced nephron mass limits 
potassium secretion and creates 
the potential for hyperkalemia. 
As a major regulator of potassium 
balance, aldosterone stimulates 
the intracellular mineralocorticoid 
receptor (MR), resulting in ENaC-
mediated signal transduction for 
greater sodium reabsorption and 
more potassium excretion into the 
urine via renal outer medullary 
potassium channels.5 Therefore, 
in patients with CKD, reducing 
aldosterone activity on the MR by 
any means can result in a failure 
to excrete potassium, leading 
to hyperkalemia. Patients with 
diabetes and type 4 distal renal 
tubular acidosis are a notable high-
risk subgroup, because aldosterone 
deficiency or resistance impairing 
the secretion of hydrogen and 
potassium ions results in systemic 
hyperchloremic metabolic acidosis 
with hyperkalemia.6 The principal 
cells in the collecting duct sense 
low sodium delivery and are at high 
risk for the development of severe 
hyperkalemia after initiation of 
ACE inhibitors, ARBs, or MRAs.1 
As a general heuristic, starting at 
an estimated glomerular filtration 
rate (eGFR) , 45 mL/min/1.73 m2

and potassium . 4.5 mEq/L, 
hyperkalemia increases in frequency 
and severity after initiation of 
renin–angiotensin–aldosterone 
system (RAAS) blockade with 
lower levels of renal filtration and 
higher baseline serum potassium 
concentrations.7

Clinical Consequences
The outcomes of patients who have 
periodic or persistent hyperkalemia 
are consistently poor across the 
care continuum. In a study from 
An and colleagues,8 1803 of 282,832 
(0.6%) hospitalizations were 
associated with hyperkalemia. A 
total of 923 nonhospice cases with 
complete data were analyzed (mean 
age 61 years, 41% with diabetes, 

Potassium is the most 
abundant cation in the 
human body; 98% is 

intracellular (140  mEq/L) and 2% 
is extracellular (3.8-5.0 mEq/L).1 
The pathophysiology of the 
hyperkalemic states is multifaceted 
and involves dietary and 
supplemental intake, neurohumoral 
systems, acid–base balance, and—
most importantly—function of the 
principal cells in the collecting duct 
of the kidney.2 This review focuses 
on patients with hyperkalemia, 
particularly predialysis chronic 
kidney disease (CKD) patients with 
either acute or chronic cardiorenal 
disease (most commonly chronic 
heart failure [HF] combined with 
CKD), in whom disease-modifying 
drugs result in elevations of 
potassium concentration.3 

There are several key mechanisms 
underlying the development of 
hyperkalemia. Any known cause of 
a reduction in the secretion of renin 
can begin a cascade of biochemical 
events worsened by direct renin 
inhibitors, angiotensin-converting  
enzyme (ACE) inhibitors, and 
angiotensin II receptor blockers 
(ARBs), leading to less angioten- 
sin II stimulation of the zona 
glomerulosa cells within the adrenal 
glands, and reduced production 
and circulation of aldosterone.2 
Mineralocorticoid receptor antago- 
nists (MRAs) are powerful 
inhibitors of aldosterone-mediated 
potassium excretion in the distal 
nephron. The principal cell in the 
collecting duct is the major regulator 
of urinary potassium excretion; the 
epithelial sodium channel (ENaC) 
located at its luminal surface 
recovers sodium from the urine 
and, under normal conditions, leads 
to the lumen-negative potential 
essential for potassium and proton 
secretion.4 Distal sodium delivery is 
a critical determinant of potassium 
elimination; thus, decreases in 
sodium delivery as a result of 
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given in 20 g of sorbitol (33% sorbitol) 
despite the FDA warning mentioned 
above, or mixed with water or 
syrup, and usually administered in 
15- to 30-g doses. In a single-center 
observational study, Kessler and 
coworkers15 found a range of sodium 
polystyrene sulfonate doses were 
associated with a graded decrease 
in the potassium concentration 
(Table 1).15 As noted by Watson and 
colleagues,16 sodium polystyrene 
sulfonate is associated with frequent 
adverse effects and carries the risk of 
acute bowel necrosis as both an oral 
solution and as a retention enema, 
particularly in critically ill and 
postsurgical patients.16 In addition, 
hypernatremia has been reported 
as a response to excessive ( 240 g) 
short-term use.17 Thus, sodium 
polystyrene sulfonate is infrequently 
prescribed as an outpatient, chronic 
oral therapy by internists and 
cardiologists because of diarrhea 
and concerns about its unknown 
efficacy and poor tolerability.

Patiromer Sorbitex 
Calcium
Patiromer sorbitex calcium 
(patiromer; RLY5016; Relypsa 
Inc., Redwood City, CA) is a novel 
potassium exchange polymer 
formulated as a dry, odorless powder 
for suspension in water. The powder 
consists of spherical beads with an 
average diameter of 100 μm, which 
results in a lower viscosity than 
polymeric drugs made in bulk and 
ground into a powder (eg, sodium 
polystyrene sulfonate). The beads 
contain sorbitol, as well as calcium; 
sorbitol accounts for approximately 
29% of the weight of patiromer, 
whereas calcium accounts for 
approximately 11% (2  g of sorbitol 
1 0.8 g of calcium for every 4.2 g of 
patiromer). Patiromer is insoluble 
in typical solvents, passes through 
the gastrointestinal tract without 
degradation, and its principal site of 
action is in the colon approximately 

Veterans Administration cohort and 
found that 47% were detected on 
outpatient encounters. As expected, 
ACE inhibitors, ARBs, and MRAs 
were associated with hyperkalemia. 
The 1-day risk of a hyperkalemic 
event was higher in patients with 
CKD than in those without; 
however, the risk of death was 
higher in those without pre-existing 
CKD as compared with those with 
CKD, which was consistent with the 
findings of An and colleagues.8

McMahon and coworkers10 
studied 39,705 adult patients (mean 
age 63 years, 16% with AKI) who 
were hospitalized in the intensive 
care unit over a 10-year period. 
Higher admission potassium values 
were associated with AKI and end-
stage renal disease, but otherwise 
occurred in a broad spectrum of 
patients. The highest potassium 
concentration on the day of critical 
care initiation was an independent 
predictor of 30-day death in a 
graded manner compared with 
the referent group with potassium 
levels between 4.0 and 4.5 mEq/L: 
potassium 5 4.5 to 5.0 mEq/L (OR 
1.25; 95% CI, 1.16-1.35; P , .0001); 
potassium 5 5.0 to 5.5 mEq/L (OR 
1.42; 95% CI, 1.29-1.56; P , .0001); 
potassium 5 5.5 to 6.0 mEq/L (OR 
1.67; 95% CI, 1.47-1.89; P , .0001); 
potassium 5 6.0 to 6.5 mEq/L 
(OR 1.63; 95% CI, 1.36-1.95; P , 
.0001); and potassium . 6.5 mEq/L 
(OR 1.72; 95% CI, 1.49-1.99; P , 
.0001). Interestingly, in patients 
whose potassium concentration 
declined $ 1 mEq/L after 48 hours 
in the intensive care unit, the 
association between hyperkalemia 
and mortality was no longer 
statistically significant, suggesting 
either treatment of hyperkalemia 
or natural resolution was favorable 
with regard to mortality. This was 
likely due to a combination of 
effects, including discontinuing 
drugs that may have played a 
role, treatment for hyperkalemia, 

recovery of renal function, or 
overall concomitant improvement 
of multiorgan system function.

Sodium Polystyrene 
Sulfonate
Potassium monitoring is the 
cornerstone of management and 
is associated with lower rates of 
hyperkalemia among patients who 
are at risk.1,11 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 such as calcium and 
magnesium). Sodium polystyrene 
sulfonate was approved by the US 
Food and Drug administration 
(FDA) in 1958 with very little 
clinical data, 4 years before the 
Kefauver-Harris amendment, 
which required new therapies to 
have proven efficacy.1,12 Sodium 
polystyrene sulfonate is commonly 
given with sorbitol, which often 
results in diarrhea.12 Diarrhea 
lowers potassium via colonic 
epithelial cells that upregulate 
their ability to facilitate luminal 
losses of potassium in CKD; 
however, it is an uncomfortable and 
potentially dangerous side effect for 
hospitalized patients who are at risk 
for volume shifts. In 2006, the FDA 
advised against the use of a 70% 
sorbitol solution, given concerns 
regarding bowel injury, primarily 
with retention enemas; in 2009 the 
agency further recommended that 
sorbitol not be added to sodium 
polystyrene sulfonate, thus making 
a pharmacy-mixed solution the 
de facto hospital formulary item.14 
Today, approximately 5 million doses 
are given per year, most commonly 
in a formulation of 15 g of sodium 
polystyrene sulfonate, which is either 
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7 hours after ingestion. It is being 
developed as a chronic therapy to 
treat hyperkalemia. 

Clinical trials with patiromer 
sorbitex calcium are detailed in 
Table 2. The Polymeric Potassium 
Binder, in a Double-blind, Placebo-
controlled Study in Patients with 
Chronic Heart Failure (PEARL-HF) 
included 105 patients with HF and a 
history of hyperkalemia resulting in 
discontinuation of ACE inhibitors, 
ARBs, or β-adrenergic receptor 
antagonists, or CKD confirmed by 
an eGFR of , 60 mL/min/1.73 m2,
who were randomized to double-
blind treatment with 30 g/d 
RLY5016 or placebo for 4 weeks.18 
Eligible patients were required 
to have a serum potassium 
concentration between 4.3 and 5.1 
mEq/L at screening. 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 significantly 
lower serum potassium levels  
(20.45 mEq/L; P , .001), lower 
rates of hyperkalemia, defined 

as potassium . 5.5 mEq/L (7.3% 
RLY5016 vs 24.5% placebo; P 5 
.015), and a higher proportion 
of patients successfully received 
spironolactone, 50 mg/d (91% 
RLY5016 vs 74% placebo; P  5 
.019) at the end of treatment.19 
The most common adverse events 
were gastrointestinal disorders 
(flatulence, diarrhea, constipation, 
and vomiting), which were 
reported with higher frequency 
in the RLY5016 group (21% vs 6%, 
respectively). Magnesium also binds 
to patiromer, resulting in greater 
rates of hypomagnesemia, defined 
as magnesium , 1.8 mg/dL during 
the treatment period (24% RLY5016 
vs 2.1% placebo). Patients who 
developed hypomagnesemia did 
not appear to have higher rates of 
muscle cramping, paresthesias, or 
other related symptoms. 

In a Two-Part, Single-Blind, 
Phase 3 Study Evaluating the 
Efficacy and Safety of Patiromer 
for the Treatment of Hyperkalemia 
(OPAL-HK), patients with stage 3 or 
4 CKD (eGFR 15-59 mL/min/1.73 

m2) who had serum potassium 
concentrations of 5.1 to 6.4 mEq/L 
at two screenings were eligible for 
the trial.20 Patients were required 
to have received stable doses of 
RAAS blockers for the prior 28 days, 
and had to be stable clinic patients 
without acute cardiac or renal events 
requiring hospitalization within 
the previous 3 months. In the first 
part of the trial, 92 subjects with 
potassium concentrations 5.1 to 
5.4 mEq/L received oral patiromer 
polymer 4.2 g twice daily titrated up 
to an average daily dose of 12.8 g, and 
151 patients with baseline potassium 
concentrations 5.5 to 6.4 mEq/L 
received double the dose, or 8.4 g 
oral patiromer polymer (contains 
sorbitol, 4 g/dose) twice daily 
titrated up to an average daily dose 
of 21.4 g for 4 weeks. The maximum 
dose of patiromer polymer allowed 
was 50.4 g/d (12 4.2-g packets). 
Each 4.2 g of patiromer polymer 
is complexed with an additional 
0.8 g of calcium and 2 g of sorbitol, 
for approximately 7 g of material 
per 4.2 g packet; thus, the average 

Study Clinical Trial Study Design Participants Endpoints Baseline
SPS Therapy vs Placebo and 
Reduction of K (< 96 h)

SPS Therapy vs 
Placebo and
Reduction of K
(> 96 h)

Kessler C  
et al15

Retrospective 
cohort study

Single dose 
(low, mid, and 
high) of SPS

HTN, DM, 
CKD, HF, ARF 
patients with 
 hyperkalemia  
(K . 5.1 mEq/L) 
(n 5 122) 

Mean change 
in K after SPS 
treatment

K 5.4 mEq/L (15 g)
K 5.5 mEq/L (30 g)
K.5.8 mEq/L (45 g)
K 5.9 mEq/L (60 g)

Not placebo controlled

10 h after a single dose of SPS
15 g (n 5 30)→ 20.82 mEq/L
30g (n 5 60) → 20.95 mEq/L
45 g (n 5 13)→ 21.11 mEq/L
60 g (n 5 13)→ 21.40 mEq/L

NR

Thompson K
et al23

Retrospective 
cohort study

Pretreated 
formula or ex-
pressed breast 
milk with SPS 
before patient 
use 

CKD, AKI patients 
(, 2 y) with 
 hyperkalemia 
(K . 5.5 mEq/L)
(n 5 13)

Mean change 
in K after SPS 
treatment in 
48 h

K 6.34 mEq/L Not placebo controlled

Pretreated formula or 
 expressed breast milk with  
SPS → K 4.8 mEq/L
Hyperkalemia had resolved 
in all patients within 72 h of 
initiation of SPS treatment

NR 

Kayexalate (Covis Pharmaceuticals, Cary, NC) was approved by the US Food and Drug Administration in 1958 (http://www.fda.gov/Safety/MedWatch/
SafetyInformation/ucm186845.htm).  
AKI, acute kidney injury; ARF, acute renal failure; CKD chronic kidney disease; DM, diabetes; HF, heart failure; HTN, hypertension; K, potassium; SPS, sodium 
 polystyrene sulfonate.

TABLe 1

Clinical Studies Using Sodium Polystyrene Sulfate (Kayexalate) to Reduce Serum Potassium Levels
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daily dose, 21.1 g), for a between-
group difference of 0.72  mEq/L 
(95% CI, 0.46-0.99; P , .001). Mild 
to moderate constipation (4%), 
diarrhea (4%), and nausea (4%) were 
the most common gastrointestinal 
side effects in the patiromer-treated 
group, and occurred in none of 
the patients in the placebo group. 
Over the course of treatment with 
patiromer, hypokalemia (potassium 
, 3.5 mEq/L) and hypomagnesemia 
(magnesium , 1.4 mg/dL) each 
developed in 3% of subjects. It 
appears that the majority of patients 
in practice will require an oral dose 
of 8.4 g twice daily, or higher, and 
thus will receive approximately 
8 to 12 g of sorbitol per day. The 
constipating effects of the polymer 
and sorbitol likely account for the 
noted differences in gastrointestinal 
side effects. 

Sodium Zirconium 
Cyclosilicate
A novel agent, sodium zirconium 
cyclosilicate (ZS-9; ZS Pharma, Inc., 
Coppell, TX), is under development 
as a treatment for acute and long-
term chronic hyperkalemia. ZS-9 
(ZS-9 was the 9th out of 12 candi-
dates that entered drug optimization 

concentrations were assessed 
at 3 and 7 days, and, if needed, 
at 14 days; the time to the first 
hyperkalemic event (potassium  
. 5.5 mEq/L) is shown in Figure 2. 
The median change in the potassium 
concentration from the start of the 
randomized withdrawal phase-
out to 4 weeks was 1 0.72 mEq/L 
in the placebo group and 0 mEq/L 
in the patiromer group (average 

daily maintenance dose of 21.4 g 
of patiromer polymer equates to 
approximately 35 g of material. 
Patiromer was given to all subjects 
with breakfast and dinner in a  
40- to 120-mL water suspension per 
dosage. Both groups had a reduction 
in serum potassium concentrations 
(Figure 1) with the overall mean 
change from baseline to week 4 
(primary outcome) of 21.01 6 
0.03 mEq/L (95% CI, 21.07 to 
20.95; P , .001), and 76% of patients 
achieved the target potassium range 
(3.8-5.0 mEq/L). Only patients with 
higher baseline potassium (5.5-
6.4 mEq/L; n 5 151) were eligible 
to continue into the randomized 
maintenance phase. Of patients who 
completed the 4-week initial phase 
and achieved a serum potassium 
level of 3.8 to 5.0 mEq/L, 107 were 
randomized to either continuing 
their stable dose of patiromer or 
to placebo. Early withdrawal from 
the randomized phase occurred in 
10 (18%) and 22 (42%) patients in 
the patiromer and placebo groups, 
respectively. The most common 
reason for discontinuation was 
hyperkalemia. Follow-up potassium 
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then randomly assigned to receive 
either ZS-9 or placebo once daily on 
days 3 to 14. The primary endpoint 
was the rate of change in serum 
potassium from baseline throughout 
the 48-hour acute phase. ZS-9 (10 g, 
three times daily by mouth) rapidly 
reversed hyperkalemia compared 
with placebo (Figure 4). At 48 
hours, there were absolute mean 
reductions of 0.46 mEq/L (95% 
CI, 20.53 to 20.39) in the 2.5-g 
group, 0.54  mEq/L (95% CI, 20.62 
to 20.47) in the 5-g group, and 
0.73 mEq/L (95% CI,20.82 to 20.65) 
in the 10-g group, as compared with 
a mean reduction of 0.25 mEq/L 
(95% CI, 20.32 to 20.19) in the 
placebo group (P  ,  .001 for all 
comparisons; Figure 5). The mean 
reduction from baseline to 1 hour 
after the first 10-g dose of ZS-9 

solution or with cathartics such as 
sorbitol. The clinical trials that have 
tested ZS-9 are shown in Table 3. 

In the Multicenter, Two-phase, 
Multi-dose, Prospective, Random-
ized, Double-blind, Placebo-
Controlled Study of Safety and 
Efficacy of Microporous, Frac-
tionated, Protonated Zirconium 
Silicate in Mild to Moderate 
Hyperkalemia trial (ZS-003), a total 
of 753 patients with potassium levels 
5.0 to 6.5 mEq/L (including patients 
with CKD, HF, and diabetes, and 
those on ACE inhibitors, ARBs, or 
MRAs) were randomized to receive 1 
of 4 doses of ZS-9 (1.25 g, 2.5 g, 5 g, or 
10 g) or placebo, administered 3 
times daily for the initial 48-hour 
acute phase (Figure 3).21 Patients with 
normokalemia (serum potassium 
3.5-4.9 mEq/L) at 48 hours were 

for 3-dimensional structure, affinity 
to potassium, and balanced ratio of 
exchange ions) is a selective potassi-  
um ion trap that is engineered 
to have a high-capacity, highly 
selective crystalline lattice that 
preferentially entraps potassium 
cations over other cations 
(specifically excess potassium ions) 
over divalent cations (eg, calcium 
and magnesium). ZS-9 also appears 
to bind ammonium, resulting in 
net acid loss, systemic reduction in 
blood urea nitrogen, and elevation 
in plasma bicarbonate. ZS-9 will 
be available as a tasteless, odorless, 
insoluble, and nonabsorbed powder 
(given with 40-120 mL of water 
per dose), and potentially a tablet; 
it requires no special handling, 
refrigeration, or special preparation, 
and does not have to be given in 

Primary endpoint (initial phase)
Exponential rate of change in
serum potassium over 48 hr

Secondary endpoint (maintenance phase)
Exponential rate of change in serum
potassium over 12-d treatment interval

Patients with normokalemia
on morning of day 3 may
proceed to maintenance phase

2 Days 12 Days 7 Days

Dose
(3 x daily)

Dose (once daily)

ZS-9, 1.25 g
Placebo

ZS-9, 1.25 g

ZS-9, 2.5 g

ZS-9, 5 g

ZS-9, 10 g

1 2 3 4 5 6 7 8 9
Study Day

ZS-9 Dose
Potassium

Measurement

10 11 12 13 14 15 21

ZS-9, 2.5 g

Placebo

ZS-9, 1.25 g

Placebo

ZS-9, 2.5 g

Placebo

ZS-9, 5 g

Placebo

ZS-9, 10 g

Initial phase Maintenance phase Follow-up

Figure 3. Study design for Packham DK et al.21 Patients whose serum potassium level decreased to 3.5 to 4.9 mEq/L at 48 hours during the initial phase of the study 
were randomly assigned to receive either their original sodium zirconium cyclosilicate dose or placebo once daily before breakfast on days 3 to 15 (maintenance 
phase). Patients assigned to the placebo group in the initial phase were randomly assigned to receive either 1.25 g or 2.5 g of sodium zirconium cyclosilicate in the 
maintenance phase. ZS-9 (sodium zirconium cyclosilicate; ZS Pharma, Inc., Coppell, TX). 
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and 24.5% during the maintenance 
phase of ZS-9–treated and placebo 
patients, respectively. Adverse events 
did not appear to be dose dependent. 
There were no differences in overall 
or gastrointestinal adverse events 
between ZS-9 and placebo. 

In a second multicenter trial 
(Hyperkalemia Randomized 
Intervention Multidose ZS-9 
Maintenance [HARMONIZE]), 
258 stable clinic patients  
with a potassium concentration  
$ 5.1  mEq/L at baseline received 
10 g of oral ZS-9 three times daily 
during an initial 48-hour open-
label phase. Patients achieving 
normokalemia (3.5-5.0 mEq/L) were 
then randomized to receive ZS-9, 
5 g (n 5 45), 10 g (n 5 51), 15 g (n 
5 56), or placebo (n 5 85) daily for 
28 days (Figure 6).13 Potassium was 
significantly reduced (20.2 mEq/L; 
95% CI, 20.3 to 20.2) 1 hour after 
the first 10-g dose compared with 
baseline (P , .001). At 2 and 4 hours 
after the first dose, mean change in 
potassium was 20.4 mEq/L (95% 
CI, 20.5 to 20.4) and 20.5 mEq/L 
(95% CI, 20.6 to 20.5), respectively 

maintenance phase and 3.4 mEq/L 
on the 10-g dose in the initial phase) 
were reported. Both cases were 
transient and resolved with dose 
adjustment. Overall, adverse events 
were reported in 12.9% and 10.8% 
during the acute phase and 25.1% 

was 0.11 mEq/L (95% CI, 20.17 
to 20.05; P 5 .009) suggesting a 
potassium binding effect in the 
gastrointestinal lumen at the level 
of the stomach and proximal small 
intestine. A total of 99% of patients 
in the group receiving 10 g three 
times daily achieved normokalemia 
within 48 hours.22 Across the entire 
study group, a total of 543 of 753 
(72.1%) patients were randomized 
in the maintenance phase (Figure 4).  
Figure 4 shows the rapid and 
significant reversal of hyperkalemia 
with oral ZS-9, 10 g three times daily 
versus placebo acutely, as well as 
with once-daily extended use over 
14 days; ZS-9 suppressed potassium 
concentrations to , 4.6 mEq/L 
whereas potassium concentrations 
steadily rose to . 5.0 mEq/L in the 
placebo group. The normalization of 
serum potassium with 5 g and 10 g 
ZS-9 doses were achieved regardless 
of the baseline potassium level, 
eGFR, concomitant RAASi usage, 
and history of HF, CKD, or diabetes. 
In the ZS-9 group, two cases of 
hypokalemia (serum potassium 
3.1 mEq/L on the 2.5-g dose in the 

0.0
1 2

Initial
3 4 5 6 7 8 9 10

Day
11 12 13 14 15 16 17 18 19 20 21

4.4

4.6

4.8

5.0

Se
ru

m
 P

ot
as

si
um

 (
m

m
ol

/L
)

5.2

5.4
On Drug Off DrugOn Drug vs Placebo

Placebo (N = 61) ZS-9, 10 g (N = 63) P < .05

Figure 4. Extended use sodium zirconium cyclosilicate (ZS-9), 10 g three times daily by mouth versus placebo 
in those who initially achieved normokalemia and were followed for 21 days. ZS-9 (ZS Pharma, Inc., Coppell, 
TX). Adapted from Packham DK et al.21
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Figure 5. Acute use of sodium zirconium cyclosilicate (ZS-9) and placebo with resultant potassium concentra-
tions. ZS-9 (ZS Pharma, Inc., Coppell, TX). Adapted from Packham DK et al.21
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45 Randomized to
 receive 5-g dose of
 zirconium cyclosilicate

5 Discontinued early
   3 Adverse event
   1 Met ECG withdrawal
      criteriaa

   1 Other reason

85 Randomized to
 receive placebo

10 Discontinued early
     2 Withdrew consent
     1 Participant adherence
     2 Unconfirmed eligibility
     3 Had hyperkalemia
     2 Other reasons

51 Randomized to
 receive 10-g dose of
 zirconium cyclosilicate

7 Discontinued early
   2 Unconfirmed
      eligibility
   3 Had hypokalemiab

   2 Other reason

45 Included in the
     randomized phase
     primary analysis

56 Randomized to
 receive 15-g dose of
 zirconium cyclosilicate

7 Discontinued early
     1 Adverse event
     1 Investigator’s decision
     2 Met ECG withdrawal
         criteriaa

     1 Had hypokalemiab

     1 Unconfirmed
         eligibility
     1 Other reason82 Included in the

      randomized phase
      primary analysis 
   3 Excluded (no potassium
      measurements after
      randomized phase
      baseline)

54 Included in the
      randomized phase
      primary analysis 
   2 Excluded (no potassium
      measurements after
      randomized phase
      baseline)

50 Included in the
      randomized phase
      primary analysis 
  1 Excluded (no potassium
      measurements after
      randomized phase
      baseline)

258 Enrolled and received zirconium
cyclosilicate, 10 g

425 Patients were assessed for eligibility

251 Eligible for 48-h
open-label phase

14 Excluded
            1 Met ECG withdrawal criteria
            1 Withdrew consent
            1 Investigator’s decision
            9 Had hyperkalemia
            2 Had hypokalemiaa

7 Excluded
            5 Withdrew consent
            2 Discontinued early because
               of hyperkalemia

167 Excluded
       160 Potassium values � 5.1 mEq/L
            1 Prior randomization in zirconium cyclosilicate
               study
            2 Withdrew consent
            1 Inability to have repeated blood draws or 
               effective venous catheterization
            1 Hospitalized prior to randomization
            1 Participant adherence
            1 Investigator’s decision

237 Randomized

Figure 6. Design of the HARMONIZE trial, which was a phase 3, randomized, double-blind, placebo-controlled trial that enrolled ambulatory patients with a 
 potassium level of 5.1 mEq/L or greater in an ambulatory setting. 
aElectrocardiogram (ECG) withdrawal criteria included significant increase in PR interval (. 250 ms in the absence of preexisting atrioventricular block), or widening 
of the QRS complex (. 140 ms in the absence of preexisting bundle branch block) or peaked T-wave or an increase in QTc interval . 25 ms to more than 500 ms or 
. 25 ms in somebody with a baseline QTc of . 500 ms.
bAccording to the study protocol, all clinical decisions to withdraw patients because of a potassium level , 3.0 mEq/L were based on i-STAT values; however, in all 
of these cases, subsequent central laboratory values for serum potassium were $ 3.0 mEq/L. 
ECG, electrocardiographic; HARMONIZE, Hyperkalemia Randomized Intervention Multidose ZS-9 Maintenance. 
Reproduced with permission from Kosiborod M et al.13
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(P , .001 for both time points). 
The absolute change in serum 
potassium was 20.7 mEq/L (95% 
CI, 20.7 to 20.6; 212%) at 24 hours 
and 21.1 mEq/L (95% CI, 21.1 to 
21.0; 219%) at 48 hours (P , .001 
for both time points). Median time 
to normalization was 2.2 hours. 
Normokalemia was achieved by 
84% and 98% of patients at 24 and 48 
hours, respectively. Efficacy of ZS-9 
was consistent across all subgroups 
and all ranges of hyperkalemia, 
including those with $ 6.0 mEq/L 
at baseline. The primary endpoint 
was a comparison of mean serum 
potassium levels among placebo and 
each treatment group during days 
8 through 29 of the randomized 
withdrawal phase. As shown in 
Figure 7, patients receiving 5 g, 10 g, 
or 15 g of ZS-9 were maintained 
at 4.8, 4.5, and 4.4 mEq/L versus 
5.1 mEq/L among placebo patients 
(P , .001 all comparisons). In 
addition, hyperkalemia was 
controlled in 80%, 90%, and 94% of 
5-, 10-, 15-g ZS-9–treated patients 

versus only 46% of placebo-treated 
patients (P , .001 all doses). 
Importantly, the potassium-
lowering effects and maintenance 
of normokalemia occurred across 
all disease subtypes (CKD, HF, and 
diabetes) without patients being 
removed from RAASi therapies. 
Consistent with previous studies, 
there was no significant difference 
in gastrointestinal adverse events 
with ZS-9 as compared with 
placebo. Edema occurred in 2% 
(2/85 patients), 2% (1/45), 6% (3/51), 
and 14% (8/56) in the placebo, 5-, 
10-, and 15-g groups, respectively; 
however, edema resolved or did not 
require treatment in all patients 
on 5 g and 10 g, and 3 of the 15 g 
patients. No increase in body 
weight, blood pressure, or urinary 
sodium excretion was observed in 
the ZS-9–treated patients. In long-
term, 12-month studies, as well 
as in the larger 753 patient study, 
ZS-9–treated patients have not 
experienced edema at rates greater 
than placebo.  

Comparative Efficacy
A summary of comparative efficacy 
according to eGFR for sodium 
polystyrene sulfate, patiromer 
sorbitex calcium, and ZS-9 is shown 
in Table 4. Among the two novel 
agents, patiromer and ZS-9, there are 
several notable differences, including 
the biochemical structures and 
effects in clinical testing (Table  5). 
Patiromer is a polymer containing 
sorbitol that is administered with 
small volumes of water (40 mL), 
and is associated with a higher 
incidence of gastrointestinal adverse 
effects. The amount of sorbitol is 
less than that typically used with 
sodium polystyrene sulfonate; thus, 
patiromer represents a safer and 
easier to use agent than the standard 
currently employed. ZS-9 appears 
to have an advantage of not being a 
polymer but an inorganic, selective 
cation trap (given in as little as 
40 mL of water in ongoing trials). As 
a result, ZS-9 has not been associated 
with increases in gastrointestinal 
side effects in clinical trials, but 
potential association with edema 
is being evaluated in ongoing long-
term studies. 

Control of hyperkalemia was 
good with both agents. The 
onset of action is much quicker 
( 2 h) with ZS-9 as it appears to 
work in the proximal and distal 
gastrointestinal tract in contrast 
to patiromer ( 7 h), which 
probably has its first site of action 
in the colon. The median time 
to normalization was 2.2 hours 
for ZS-9 versus . 48 hours for 
patiromer. In addition to the rapid 
onset, ZS-9 appears to maintain 
normokalemia with a lower, more 
convenient dose of 5 g to 15 g once 
daily. Patiromer required dose 
titration in 62% of patients in the 
clinical testing, ranging from 2 
to 12 packets per day given twice 
daily. Lastly, ZS-9 has no impact 
on serum magnesium or calcium, 
but results in a reduction in blood 
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Study Day

No. of patients
Placebo 82 81 81 80 80 78 77 74 73
5-g dose 45 45 45 44 44 43 43 42 39
10-g dose 50 49 50 47 47 47 45 45 38
15-g dose 54 54 54 53 52 51 51 51 43
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Figure 7. Results from the HARMONIZE trial with serial potassium concentrations over time. HARMONIZE, 
Hyperkalemia Randomized Intervention Multidose ZS 9 Maintenance; tid, three times daily. Adapted from 
Kosiborod M et al.13
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Study
Lowering Serum 

Potassium Agents
Estimated Glomerular Filtration Rate (mL/min/1.73 m2 )

Control Treatment

Lin Y-C et al 30 SPS Control subjects (n 5 72) 
Baseline eGFR 59 mL/min/ 
1.73 m2 

Propensity score matching 
results: unmatched: eGFR  
64 mL/min/1.73 m2 

matched: eGFR 60 mL/min/ 
1.73 m2 

6-24 h postdose, 15 g and 30 g SPS  
(n 5 66): eGFR 56 mL/min/1.73 m2

Propensity score matching results:
unmatched: eGFR 57 mL/min/1.73 m2 

(SPS vs control; P 5 .175)
Matched: eGFR 57 mL/min/1.73 m2 

(SPS vs control, P 5 .600)

Weir MR et al27 Patiromer calcium 
(RLY5016)a

Placebo (n 5 52)
Baseline eGFR 39 mL/min/ 
1.73 m2 

Withdrawal phase: patiromer (n 5 55) 
4.2 g and 8.4g patiromer, BID for 4 wk: 
eGFR 35.4 mL/min/1.73 m2

4.2 g and 8.4g patiromer, BID for 8 wk: 
eGFR 38.6 mL/min/1.73 m2

Kosiborod M et al13 Sodium zirconium 
cyclosilicate (ZS-9)b

Open-label phase (n 5 258)
Baseline eGFR 46 mL/min/ 
1.73 m2 

Randomized phase 
Placebo (n = 85): eGFR, 
48 mL/min/1.73 m2;
61.2 % of patients,  
eGFR , 60 mL/min/1.73 m2;
32.9% of patients eGFR $ 
60 mL/min/1.73 m2 

Randomized phase 
ZS-9, 5 g, 10 g, 15 g over 28 d: 
ZS-9, 5-g group: eGFR, 48 mL/min/ 
1.73 m2; 68.9 % of patients eGFR 
, 60 mL/min/1.73 m2; 26.7% of 
eGFR $ 60 mL/min/1.73 m2

ZS-9, 10-g group: eGFR, 44.73 mL/min/ 
1.73 m2; 74.53 % of patients eGFR 
, 60 mL/min/1.73 m2; 25.5% of 
 patients eGFR $ 60 mL/min/1.73 m2

ZS-9 15-g group: eGFR, 44.9 mL/min/ 
1.73 m2; 73.2% of patients eGFR 
, 60 m mL/min/1.73 m2 l/min/
1.73m2; 26.8% of patients eGFR 
$ 60 mL/min/1.73 m2

aPatiromer calcium (RLY5016; Relypsa Inc., Redwood City, CA).
bSodium zirconium cyclosilicate (ZS-9; ZS Pharma, Inc., Coppell, TX). 
BID, twice daily; eGFR, estimated glomerular filtration rate; SPS, sodium polystyrene sulfonate. 

TABLe 4

Comparative Effectiveness of SPS, Patiromer Sorbitex Calcium, and Sodium Zirconium Cyclosilicate (ZS-9) 
According to Baseline eGFR

urea nitrogen and a small rise in 
bicarbonate due to the binding of 
ammonium in the gastrointestinal 
lumen. Thus, the overall electrolyte 
picture is favorable for patients 
with cardiorenal disease who have 
chronic azotemia and metabolic 
acidosis. In contrast, patiromer 
releases calcium and binds both 
potassium and magnesium, 
resulting in hypomagnesemia 
in some patients. Changes 

in magnesium will require 
correction in some individuals 
and monitoring in all. A summary 
of these and other safety events 
from trials of sodium polystyrene 
sulfate, patiromer sorbitex calcium, 
and ZS-9 are shown in Table  6. 
Both novel agents represent major 
advances over sodium polystyrene 
sulfonate and may allow the greater 
use of RAAS/MRA-blocking 
agents in patients with cardiorenal 

disease, representing a therapeutic 
breakthrough in an area in which 
concern for or actual hyperkalemia 
was previously a dose-limiting 
toxicity. Based on published 
trials, it appears that a majority 
of patients most likely to benefit 
from RAAS/MRA blockade may 
be able to receive these life-saving 
therapies with the utilization of the 
new potassium-controlling agents 
described herein.
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Sodium Zirconium 
Cyclosilicate Patiromer Sorbitex Calcium

M
ec

ha
ni

sm
 a

nd
 

 A
dm

in
is

tr
at

io
n

Mechanism of action Inorganic crystal → selective 
potassium trap

Organic polymer → nonspecific binding of 
cations

Site potassium binding Entire GI tract Colon

Administration Once daily Twice daily

Daily drug total (g) 5-10 21-35

Volume expansion None Swelling (H2O absorbed)

Storage Room temperature 2-8°C

Ef
fic

ac
y

Time of Onset (h) 1 7

@ 4 h [baseline potassium 
. 5.5 (mEq/L)] 20.51 20.14

Median time to normaliza-
tion (h)

2.2 . 48 (estimated 1 wk)

Response rate 98% at 24 h 76% at 1 mo

Potassium level maintained 
(mEq/L)

4.5 (5-10 g QD) 4.6 (17.5 g BID)

Sa
fe

ty

Gastrointestinal adverse 
event rate

    Open-label phase 3.5% 19%

    Randomized phase 6% vs 14% for placebo 13% vs 6% for placebo

Sorbitol None 10 g for every 21 g of polymer

Calcium No impact  4 g calcium load but small amounts 
absorbed, may bind PO4

Magnesium No hypomagnesia 24% with Mg21 , 1.8 mg/dL

Fluoride No impact Increased serum fluoride

Bicarbonate ↑ 2.3 mEq/L in 15 d No significant changes

Blood urea nitrogen ↓ Potentially due  to binding of 
ammonium 

No significant changes

Drug-drug interaction None Valsartan and rosiglitazone

Sodium absorption None None
BID, twice daily; GI, gastrointestinal; QD, daily; TID, three times per day.

TABLe 5

Comparison of Sodium Zirconium Cyclosilicate and Patiromer Sorbitex Calcium

Limitations
There are considerable limitations 
to the cumulative data presented 
thus far for agents that prevent and 
treat hyperkalemia. First, there 
are no head-to-head randomized, 
controlled trials of two or more 
agents (novel agent vs novel agent or 
versus sodium polystyrene sulfate). 

Second, the most common expected 
clinical scenarios, including acute 
emergency department treatment 
of hyperkalemia and use of these 
novel agents on hospital wards 
or the intensive care unit, have 
not been tested. Importantly, in 
the setting of AKI, in which a 
progressive rise in serum potassium 

is present, the effects of patiromer 
sorbitex calcium and ZS-9 are 
unknown. Third, various routes of 
administration, such as nasogastric 
tube or rectal administration for 
patiromer sorbitex calcium and 
ZS-9, have not been tested to date. 
Thus, if approved and marketed, 
the most common clinical scenarios 
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Adverse Events
Sodium Polystyrene 
Sulfonate (n = 58)a 

Patiromer, Dose 
Group 1 (4.2 g, BID 

for Mild Hyperkalemia) 
(n 5 92)

Open-label Treatment 
Phaseb

Patiromer, Dose Group 2 
(8.4 g, BID for Moderate 
to Severe Hyperkalemia) 

(n 5 151)
Open-label Treatment 

Phaseb 

Sodium Zirconium 
Cyclosilicate, (n 5 258)
Open-label Treatment 

Phasec

Death, n (%) 19 (33) NR NR 0

Necrosis, n (%) 36 (62)d NR NR NR

Ulceration, n (%) 28 (48) NR NR NR

Perforation, n (%) 5 (9) NR NR NR

Abdominal pain/ 
tenderness, n (%)

33 (57) NR NR NR

Nausea/vomiting 6 (11) 4 (4) 4 (3) NR

GI bleed, n (%) 9 (22) NR NR NR

Diarrhea, n (%) 3 (7) 2 (2) 6 (4) 3(1.2)

Constipation, n (%) NR 9 (10) 17 (11) 2 (0.8)

Cardiac failure, congestive NR NR NR 0

Myocardial infarction Remote left ventricular 
infarct and  cardiomegaly 
in a case reporte 

NR NR 0

Left ventricular 
 hypertrophy

NR 0 (0) 6 (4) NR

Atrioventricular block NR 0 (0) 4 (3) NR

Atrial fibrillation NR 0 (0) 0 (0) NR

Hypertension NR 1 (1) 3 (2) NR

Chronic renal failure NR 2 (2) 5 (3) NR

Urinary tract infection NR 0 (0) 1 (1) NR

Hypokalemia NR NR NR 0

Hypomagnesaemia NR 3 (3) 5 (3) NR

Hyperkalemia NR 4 (4) 2 (1) NR

Dyslipidemia NR 1 (1) 3 (2) NR

Hyperglycemia NR 1 (1) 3 (2) NR

Anemia NR 4 (4) 3 (2) NR

Edema NR NR NR 0
aData from Harel Z et al.31 A systemic review of 30 reports includes 58 cases.
bData from Weir MR et al.27

cData from Kosiborod M et al.13

dA majority in the colon, to less extent in the ileum or cecum.
eData from Gonzalez-Cuyar L et al.32

AE, adverse event; BID, twice daily; GI, gastrointestinal; NR, not reported.

TABLE 6

Safety Results for Sodium Polystyrene Sulfate, Patiromer Sorbitex Calcium, and Sodium Zirconium 
Cyclosilicate (ZS-9) Reported in Clinical Trials

in which hyperkalemia requires 
treatment have not been evaluated 
in clinical trials, and important 
inferences on safety and efficacy 
cannot be made at this time.

Conclusions
Both acute and chronic 
hyperkalemia complicate the 
management of CKD, HF, and AKI. 
Novel therapies, including the 

polymer patiromer sorbitex 
calcium  and ZS-9 ion trap, are 
promising both as acute remedies 
and as adjunctive therapies for 
hyperkalemia, and may allow 
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greater use of ACE inhibitors, ARBs, 
and MRAs in the vulnerable 
populations who have an especially 
great need for neurohormonal 
blockade. 
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MAin PoinTs

• Hyperkalemia, defined as serum potassium concentrations elevated above the upper limit of normal 
(. 5.0 mEq/L), has become more common in cardiovascular practice due to the growing population of patients 
with chronic kidney disease and the broad application of drugs that modulate renal elimination of potassium.

• The risk of hyperkalemia is a major limiting factor for the use of these disease-modifying drugs in both acute 
and chronic cardiorenal syndromes; therefore, agents to control the plasma concentration of potassium are 
needed in the multidrug treatment of cardiorenal disease, including chronic kidney disease, heart failure, and 
acute kidney injury.

• Patiromer sorbitex calcium (RLY5016; Relypsa Inc., Redwood City, CA) is currently under development as a novel 
potassium exchange resin formulated as a dry, odorless powder for suspension in water. Patiromer is insoluble in 
typical solvents, passes through the gastrointestinal tract without degradation, and has its principal site of action in 
the colon approximately 7 hours after ingestion. It is being developed as a chronic therapy to treat hyperkalemia.

• Sodium zirconium cyclosilicate (ZS-9; ZS Pharma, Inc., Coppell, TX), is currently under development as a treatment 
for acute and long-term chronic hyperkalemia. ZS-9 is a selective potassium ion trap that is engineered to have a 
highly selective, high-capacity crystalline lattice structure to preferentially entrap monovalent cations (specifically 
excess potassium ions) over divalent cations. ZS-9 also appears to bind ammonium, resulting in net acid loss, 
systemic reduction in blood urea nitrogen, and elevation in plasma bicarbonate.
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