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ABSTRACT
Hyperphosphatemia is common among patients with CKD stage 5D and is associated with morbidity and
mortality. Current guidelines recommend lowering serum phosphate concentrations toward normal. Tena-
panor is a minimally absorbed small molecule inhibitor of the sodium/hydrogen exchanger isoform 3 that
functions in the gut to reduce sodium and phosphate absorption. This randomized, double-blind, placebo-
controlled trial assessed the effects of tenapanor on serum phosphate concentration in patients with hyper-
phosphatemia receiving hemodialysis. After a 1- to 3-week washout of phosphate binders, we randomly
assigned 162 eligible patients (serum phosphate =6.0 to,10.0 mg/dl and a 1.5-mg/dl increase from before
washout) to one of six tenapanor regimens (3 or 30mg once daily or 1, 3, 10, or 30 mg twice daily) or placebo
for 4 weeks. The primary efficacy end point was change in serum phosphate concentration from baseline
(randomization) toendof treatment. In total, 115patients (71%) completed the study.Mean serumphosphate
concentrations at baseline (after washout) were 7.32–7.92mg/dl for tenapanor groups and 7.87mg/dl for the
placebo group. Tenapanor provided dose-dependent reductions in serum phosphate level from baseline
(least squares mean change: tenapanor =0.47–1.98 mg/dl; placebo =0.54 mg/dl; P=0.01). Diarrhea was the
most common adverse event (tenapanor =18%–68%; placebo =12%) and frequent at the highest tenapanor
doses. In conclusion, tenapanor treatment resulted in statistically significant, dose-dependent reduc-
tions in serum phosphate concentrations in patients with hyperphosphatemia receiving hemodialysis.
Additional studies are required to clarify the optimal dosing of tenapanor in patients with CKD-related
hyperphosphatemia.
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Disorders of mineral metabolism are common
among persons with CKD.1 Impaired kidney func-
tion reduces urinary phosphate excretion, the prin-
cipal mechanism by which normal phosphate
balance is maintained.2 Modulation of tubular reab-
sorption of phosphate, mediated in large part by
parathyroid hormone (PTH) and the phosphatonin
fibroblast growth factor 23 (FGF23), allows formain-
tenance of serum phosphate concentrations within a
physiologic range, despite wide variation in phos-
phate intake on a day to day basis. However, in ad-
vanced CKD, dietary phosphate intake generally
exceeds excretory capacity; for patients on dialysis,
even with dietary phosphate restriction, hyperphos-
phatemia is almost inevitable without specific

treatment.3 Among patients receiving dialysis, evi-
dence fromobservational studies,1,4 retrospective da-
tabase analyses,5,6 and to a lesser extent, prospective
controlled trials7,8 has shown that hyperphosphate-
mia is associated with mortality,1,4–6 fractures,5 and
cardiovascular disease, including vascular calcifica-
tion8 and left ventricular hypertrophy.7
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For patients with CKD stage 5D, current treatment guidelines
recommend that serum phosphate concentrations are lowered
toward the normal (population reference) range.9 Dietary phos-
phate restriction and oral phosphate binders are first-line treat-
ments for these patients.9,10 Dietary phosphate restriction can
attenuate the severity of hyperphosphatemia and secondary hy-
perparathyroidism, although adherence is generally poor and the
effect size is modest, with achieved mean reductions in serum
phosphate of approximately 0.6 mg/dl over 3 months.11 Adher-
ence to phosphate binders is also poor, owing in part to pill bur-
den (12 or more tablets per day are often required12 on a
background of polypharmacy), timing of ingestion around
mealtimes, and gastrointestinal (GI) side effects, including nau-
sea, vomiting, constipation, and abdominal bloating. Moreover,
calcium-based phosphate binders have been associatedwith vas-
cular calcification and all-cause mortality.9,13,14 Importantly, the
current treatment paradigm is inadequate to control hyperphos-
phatemia in the majority of patients receiving dialysis, because
the mean serum phosphate concentration among these patients
in the United States remains well above the upper end of the
population reference range.9Data fromclinical trials of currently
approved phosphate binders in patients receiving hemodialysis
show thatmean reductions in serumphosphate of 1.2–2.2mg/dl
are typically achievable over treatment periods of 2–52weeks.15–22

To date, no approved treatment has specifically targeted the
transepithelial transport of intestinal phosphate. Tenapanor
(RDX5791, AZD1722) is a small molecule inhibitor of the
sodium/hydrogen exchanger isoform 3 (NHE3) being devel-
oped for the control of serum phosphate in patients with CKD
receiving dialysis. Tenapanor acts in the gut to reduce the ab-
sorption of sodium and phosphate, with minimal systemic
drug exposure.23–26 In healthy volunteers, increases in stool
phosphorus up to 14.2 mmol/d relative to placebo were ob-
served with tenapanor dosing, with concomitant reductions in
urinary phosphorus.26 The mechanism by which tenapanor
reduces GI phosphate uptake is under active investigation; it
does not seem to involve direct inhibition of intestinal phos-
phate transporters type 1 or sodium-dependent phosphate
transport protein 2B (NaPi2b, also known as NPT2b).24

Changes in intestinal and urinary phosphorus elimination
seen in healthy volunteers suggested that tenapanor could have
a role in treating hyperphosphatemia in patientswith advanced
CKD. The aim of this double-blind, placebo-controlled study
was to assess the short-term safety, efficacy, and dose-response
of tenapanor in patients with hyperphosphatemia receiving
maintenance hemodialysis.

RESULTS

Patient Disposition and Baseline Characteristics
Overall, 597patientswere screened for enrollment in this seven-arm
study (Figure 1), 162 of whom were randomly assigned to study
treatment.Themost commonreason fornotbeing randomizedwas
serum phosphate concentration outside the required range and/or

insufficient increase in serum phosphate during washout (n=242).
Of the 162 patients randomly assigned to treatment, 160 were in-
cluded in the analysis of the primary efficacy end point (change in
serum phosphate from baseline to end of treatment/early termina-
tion); two patients were excluded owing to a lack of postbaseline
serumphosphatemeasurements. Overall, 115 patients (71%) com-
pleted the study (Figure 1). Completion rates were 50%–83% with
tenapanor compared with 85% for placebo; completion rates were
lowest with tenapanor at 30 mg twice daily (50%) and 30 mg once
daily (57%). Reasons for discontinuation from study treatment in-
cluded adverse events (AEs; n=27; 17%),meeting study withdrawal
criteria (n=7; 4%), and patient decision (n=5; 3%).

Patient demographics and baseline characteristics werewell
balanced between the groups (Table 1). Overall, themean (SD)
age was 59.1 (13.7) years old, and 104 patients (64%) were
men. Themean serum phosphate concentration after washout
of phosphate binders was 7.32–7.92 mg/dl in the tenapanor
groups and 7.87 mg/dl in the placebo group. Adherence to
treatment (assessed by pill count) was generally high (range
of means =85%–96%).

Efficacy
Tenapanor treatment resulted indose-dependent reductions in
serum phosphate at the end of treatment (or early termina-
tion), with least squares mean reductions in the range of 0.47–
1.98 mg/dl for the tenapanor groups and a least squares mean
reduction of 0.54 mg/dl in the placebo group (P=0.01) (Figure
2). The largest reductions were observed in the tenapanor 10-
and 30-mg twice daily dosing groups, with a significant dif-
ference between each of these groups and placebo (P,0.05)
(Figure 2). A dose–response relationship was evident with
twice daily dosing of tenapanor.

Serum phosphate concentrations for each group over the
course of the study are shown in Supplemental Figure 1. The
proportion of patients that reached the predefined serum
phosphate goal (,5.5 mg/dl) at the end of treatment/early
termination visit was numerically higher with tenapanor
(9%–43%) than with placebo (8%) (Supplemental Table 1).
The proportion of patients achieving a more stringent serum
phosphate target (,4.5 mg/dl post hoc) was 5%–23% with
tenapanor, with no patients reaching this target in the placebo
group (Supplemental Table 1); the highest rate (23%) was
achieved in patients at the highest tenapanor dose (30 mg
twice daily).

Other End Points
Meanchanges in serumPTHconcentrations frombaselinedidnot
differ significantly between treatment groups (P=0.31). However,
least squares mean changes varied widely across the groups (te-
napanor =+29.2 to271.2 ng/L; placebo =+16.9 ng/L), with large
variations observed among patients across all groups (with wide
95% confidence intervals [95% CIs]) (Table 2). There was large
variability among groups in geometric mean intact FGF23 con-
centrations at baseline (Table 2) and at end of treatment; however,
tenapanor treatment resulted in significant reductions from
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baseline to the end of treatment in FGF23 compared with placebo
(P,0.05; post hoc analysis of covariance) (Table 2).

Safety
Overall, 94 patients (58%) experienced at least one AE during
the study. The incidence ofAEswas similar with placebo (42%)
and tenapanor at 1 mg twice daily (43%) and higher with the
other tenapanor doses (57%–76%) (Table 3). In all, 14 patients
(9%) had at least one serious AE, none of which were consid-
ered by the investigator to be treatment related. There was one
fatal AE reported: one patient died of cardiac failure 23 days
after the last dose of tenapanor. Twenty-eight patients (17%)
discontinued the study drug because of AEs, the most frequent
of which was diarrhea (n=19).

GI-related AEs were the most common AEs during the
study, and they were reported by 23%–76% of patients receiv-
ing tenapanor and 19% of those receiving placebo (Table 3).
Other types of AEs were uncommon, and the AE profile of
tenapanor was similar to that of placebo, with the exception of
the higher incidence of GI-related AEs. Diarrhea was the most
frequently experienced AE, occurring in 55 patients (41%)
receiving tenapanor and three patients (12%) receiving pla-
cebo. For the majority of patients, diarrhea was categorized as
mild or moderate. Diarrhea categorized as severe occurred
predominantly in patients receiving tenapanor doses of 30 mg
once or twice daily (ten of 14).

No clinically relevant treatment-related changes in serum
calcium, potassium, or sodium were observed (Table 4), and

Figure 1. Patient flow diagram. b.i.d., Twice daily; q.d., once daily. aSerum phosphate was monitored weekly during washout, and
patients were randomized after 1–3 weeks after eligibility criteria were met; bpatients who attended the end of treatment period visit
irrespective of treatment duration; cafter the end of treatment or early termination, patients resumed their prestudy phosphate binder
medication and returned for a follow-up visit after 1–2 weeks.
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no consistent changes in vital signs related to dose or active
treatment were observed.

DISCUSSION

This fixed dose, placebo-controlled, short-term randomized
trial evaluated the effect of tenapanor, a small molecule inhib-
itor of NHE3 taken once or twice daily, on serum phosphate
concentrations in patients with hyperphosphatemia receiving
maintenance hemodialysis. We show that treatment with

tenapanor yielded statistically significant, dose-dependent,
and clinically relevant reductions in serum phosphate. Despite
the short duration of the study and the use of fixed doses
without titration, a higher proportion of patients treated
with tenapanor reached a target serum phosphate of ,5.5
mg/dl compared with those treated with placebo.

Current treatment for hyperphosphatemia in patients with
advanced CKD relies on dietary phosphate restriction and oral
phosphate binders.9 Calcium-based phosphate binders (calcium
carbonate and calcium acetate) are widely used, although recent
years have seen increased use of the noncalcium-based agents:

sevelamer carbonate, lanthanum carbonate,
sucroferric oxyhydroxide, and ferric citrate,
all of which were developed in part because
of concerns about positive calcium balance,
hypercalcemia, and the risk of vascular cal-
cification with calcium salts.27 Studies show
that all phosphate binders are only modestly
effective in reducing serum phosphate con-
centrations in patients with CKD, although
some seem to be slightly more potent than
others.28 In a placebo-controlled trial in pa-
tients on dialysis, 2 weeks of treatment with
sevelamer hydrochloride (mean =5.8 g/d)
resulted in reductions in serum phosphate
of 1.2 mg/dl compared with an increase in
serum phosphate of 0.2 mg/dl in patients
receiving placebo.16 In studies comparing
sevelamer with other commonly used phos-
phate binders but without placebo groups
included, mean reductions in serum phos-
phate of 1.4 and 1.7 mg/dl were observed
after 4 weeks of treatment with sevelamer

Table 1. Patient demographics and baseline characteristics

Characteristic
Placebo,
n=26

Tenapanor

1 mg Twice
Daily, n=23

3 mg Once
Daily, n=22

3 mg Twice
Daily, n=21

10 mg Twice
Daily, n=23

30 mg Once
Daily, n=21

30 mg Twice
Daily, n=26

Men, n (%) 16 (62) 16 (70) 12 (55) 15 (71) 15 (65) 13 (62) 17 (65)
Race, n (%)
Native American or Alaskan Native 2 (8) 0 2 (9) 1 (5) 1 (4) 1 (5) 1 (4)
Asian 3 (12) 1 (4) 1 (5) 0 3 (13) 0 1 (4)
Black 4 (15) 2 (9) 6 (27) 8 (38) 3 (13) 3 (14) 9 (35)
White 17 (65) 17 (74) 13 (59) 12 (57) 16 (70) 16 (76) 15 (58)
Other 0 1 (4) 0 0 0 0 0

Ethnicity, n (%)
Hispanic or Latino 6 (23) 7 (30) 8 (36) 7 (33) 10 (43) 6 (29) 4 (15)

Age, yr 56.1613.1 57.9614.8 57.6615.8 61.5611.2 62.7612.5 58.2615.8 59.7613.0
Range 32–77 31–82 27–81 44–89 35–81 30–90 30–88

Body weight, kg 83.3618.4 85.9622.7 76.6618.9 84.3619.2 84.8618.9 79.6618.8 88.6624.6
Baseline serum phosphate, mg/dl 7.8761.49 7.5561.00 7.7361.28 7.3261.01 7.9261.06 7.6160.85 7.7661.18a

Patients taking vitamin D, its analogs,
or cinacalcet, n (%)b

21 (81) 15 (65) 19 (86) 15 (71) 19 (83) 18 (86) 26 (100)

Data are mean6SD unless otherwise stated.
an=25.
bNo changes to treatments permitted during study.

Figure 2. Tenapanor treatment resulted in dose-dependent reductions in serum
phosphate from baseline to the end of treatment. Graph shows least squares mean
changes at end of treatment (EOT)/early termination (ET; i.e., the last available
measurement during the treatment period). Error bars show lower limits of 95% CIs.
b.i.d., Twice daily; q.d., once daily. *P,0.05 versus placebo (analysis of covariance;
t test); amean6SD; bleast squares mean (95% CI): P=0.01 (analysis of covariance;
F test).
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hydrochloride (4.8–6.4 g/d) and lanthanum carbonate (2.25–3
g/d), respectively,22whereas reductions of 2.0 and2.1mg/dlwere
achieved when sevelamer hydrochloride (mean =3.4–4.9 g/d)
and calcium acetate (mean =3.4–5.0 g/d), respectively, were
each administered over 8 weeks.15 The largest reductions in se-
rum phosphate after 4 weeks of treatment with fixed doses of
tenapanor in our study (1.70 and 1.98 mg/dl for tenapanor at
10mg twice daily and30mg twicedaily, respectively) are of similar
magnitude to those achieved in trials of commonly used phos-
phate binders where individual dose titration was allowed.15,16,22

A large proportion of patients with advanced CKD treated
with phosphate binders does not achieve the targets for serum
phosphate directed by clinical practice guidelines.9,29,30 One
potential explanation for this is that the passive binding of
phosphate to cations in the intestinal lumen has limited ability
to affect net phosphate transport. The relative contribution of
active phosphate transport to net phosphate absorption in
humans is unclear, and phosphate transport may be affected
by multiple mechanisms, including active phosphate trans-
port mediated by NPT2b, binding of phosphate by cations
in the intestinal lumen, or modifying passive paracellular
phosphate transport. Recent data show that nicotinamide
can reduce serum phosphate concentrations in persons with
normal or near-normal kidney function and patients with
CKD by reducing the intestinal absorption of phosphate,31 a
process thought to be related to inhibition of intestinal NPT2b
expression.32 However, frequent AEs seen in clinical trials with
nicotinamide could lessen enthusiasm for this approach.

Tenapanor is not a phosphate binder but rather, a small mol-
ecule inhibitor of the sodium/hydrogen exchangerNHE3,which
plays an important role in sodium and fluid homeostasis.

However, tenapanor is able to effectively reduce serum phos-
phate concentration, despite having no direct effect on
NPT2b23,24 and without directly binding intestinal phos-
phate. Studies in healthy volunteers and patients with CKD
stage 5D have shown that tenapanor treatment increased stool
sodium23,25,26 and phosphorus26 content, and concomitantly,
it reduced urinary sodium23,26 and phosphorus content,26

consistent with reduced sodium and phosphate absorption.
The precise mechanism by which tenapanor reduces intesti-
nal phosphate absorption is currently under investigation and
may allow for a multifaceted approach to reducing phosphate
absorption in the future.

Poor treatment adherence with phosphate binders is a con-
cern, with studies reporting nonadherence rates of 22%–74%.33

The high pill burden associated with these agents is one factor
that likely affects adherence. Tablets must be taken with each
meal, and the overall number required each day can be large
(e.g., 6–12 tablets daily for calcium acetate and sevelamer, with
total daily doses of up to 8 and 9.6 g, respectively).3 A study
among 233 patients onmaintenance hemodialysis in the United
States showed that patients took an average of 11 medications
per day, with a median daily pill count of 19.12 On average,
phosphate binders accounted for approximately one half of
the total pill burden. Adherence with phosphate binders was
low (38%) and decreased with higher pill count; a higher pill
burden was also associated with lower health-related quality of
life.12 Furthermore, a recent report describing data from the
Dialysis Outcomes and Practice Patterns Study of 5262 patients
on hemodialysis showed a trend toward greater nonadherence to
phosphate binders and a higher number of prescribed phosphate
binder pills per day. Nonadherence to phosphate binder

Table 2. Biomarker end points

Biomarker
Placebo,
n=26

Tenapanor

1 mg Twice
Daily, n=23

3 mg Once
Daily, n=22

3 mg Twice
Daily, n=21

10 mg Twice
Daily, n=23

30 mg Once
Daily, n=21

30 mg Twice
Daily, n=26

Serum PTH
Baseline serum PTH, ng/La 438.86288.8 392.36265.4 472.06297.6 515.86321.5 435.86195.5 429.36297.3 386.16277.1
Least squares mean change from

baseline at EOT/ET, ng/Lb
16.9 23.6 29.2 232.9 259.1 271.2 240.9

95% CI 253.8 to 87.6 250.5 to 97.7 246.5 to 104.9 2111.0 to 45.2 2131.3 to 13.2 2150.7 to 8.3 2113.3 to 31.5
n (Baseline, EOT/ET) 26, 24 23, 22 22, 21 21, 20 23, 23 21, 19 25, 23

Serum FGF23
Baseline serum FGF23, pg/mlc 4937 (206) 4052 (264) 3057 (255) 2601 (231) 6294 (202) 5312 (218) 4491 (347)
Ratio of geometric least squares

mean between EOT/ET and
baselined

1.22 0.91e 0.89e 0.76f 0.72f 0.73f 0.81f

95% CI 1.00 to 1.48 0.74 to 1.11 0.72 to 1.09 0.62 to 0.93 0.59 to 0.88 0.57 to 0.92 0.66 to 0.98
n (Baseline, EOT/ET) 23, 22 21, 19 21, 20 21, 19 20, 22 18, 15 22, 21

EOT, end of treatment; ET, early termination.
aMean6SD.
bP=0.31 (analysis of covariance; F test).
cGeometric mean (coefficient of variation; %).
dAnalysis of covariance; post hoc.
eP,0.05 for ratio of geometric least squares means (EOT/ET) to placebo (analysis of covariance; t test post hoc).
fP,0.01 for ratio of geometric least squares means (EOT/ET) to placebo (analysis of covariance; t test post hoc).
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prescription was associated with serum phosphate concentrations
exceeding 5.5mg/dl and serumPTH concentrations exceeding 600
pg/ml.30 Studies have also reported improved satisfaction among
patients with CKD stage 5when switched from their existing phos-
phate binder to one with a lower pill burden.34,35 Tenapanor, ad-
ministered once or twice daily in milligram quantities, may
provide a means to reduce pill burden and mass in patients with
hyperphosphatemia, thereby improving adherence to treatment.As
is the case with phosphate binders, patients took the study drug
(tenapanor or placebo) with meals in our study. In a three-way
crossover trial in healthy volunteers, the effects of tenapanor on
phosphate absorption were slightly greater when tenapanor was
administered before meals compared with in a fasting state,
suggesting that tenapanor should be administered with meals
to maximize effect. However, there was no significant difference in
phosphate absorption when tenapanor was administered shortly
before or aftermeals, whichmay supportflexibility in the timing of
administration of tenapanor with regard to food consumption.36

In our study, GI-related AEs, particularly diarrhea, were the
most common AEs associated with tenapanor treatment, with
GI-related AEs reported by 23%–76% of patients receiving
tenapanor and 19% of patients on placebo. Similar rates of
GI-related AEs are reported with phosphate binders.3 In a

recent trial in 1059 patients on dialysis comparing the iron-
based phosphate binder PA21 (sucroferric oxyhydroxide) with
sevelamer over 24 weeks, GI-related AEs were reported in 45%
of patients receiving PA21 compared with 34% of patients re-
ceiving sevelamer.17 Diarrhea as a common AE in our study is
consistent with the mechanism of action of tenapanor, which
increases stool sodium and water content, and it is in line with
changes seen in studies in healthy volunteers, in which tena-
panor increased stool frequency and affected stool consis-
tency.23,26 Relevant to an understanding of the net clinical
effect observed with tenapanor is recognition that GI symp-
toms are quite common in patients on hemodialysis. Colonic
transit time is significantly prolonged in patients on hemodi-
alysis,37 and constipation has been reported in 12%–70% of
patients on dialysis depending on the population and consti-
pation definition used.38–41 Therefore, in addition to serum
phosphate lowering, the pharmacodynamic effects of tena-
panor on increasing stool frequency and softening stool con-
sistency might be beneficial to a substantial proportion of
patients on dialysis and should be evaluated in future clinical
trials. It will thus be important to determine whether the
effect of tenapanor on stool consistency observed in our
short-term study persists or reduces over longer treatment

Table 3. Summary of AEs

AE Category
Placebo,
n=26

Tenapanor

1 mg Twice
Daily, n=23

3 mg Once
Daily, n=22

3 mg Twice
Daily, n=21

10 mg Twice
Daily, n=23

30 mg Once
Daily, n=21

30 mg Twice
Daily, n=25

Any AE 11 (42) 10 (43) 13 (59) 12 (57) 16 (70) 13 (62) 19 (76)
Any serious AE 4 (15) 2 (9)a 1 (5) 2 (10) 3 (13) 0 2 (8)
Fatal serious AE 0 1 (4) 0 0 0 0 0
Any AE leading to discontinuation 2 (8) 3 (13) 1 (5) 3 (14) 3 (13) 7 (33) 9 (36)
Diarrhea AE leading to discontinuation 0 2 (9) 0 2 (10) 1 (4) 6 (29) 8 (32)

AEs by system organ classb

Cardiac disorders 2 (8) 1 (4) 0 1 (5) 0 1 (5) 0
Ear and labyrinth disorders 0 0 0 3 (14) 0 0 0
GI disorders 5 (19) 7 (30) 5 (23) 9 (43) 15 (65) 12 (57) 19 (76)
Diarrhea 3 (12) 6 (26) 4 (18) 6 (29) 11 (48) 11 (52) 17 (68)
Nausea 1 (4) 0 2 (9) 1 (5) 1 (4) 1 (5) 1 (4)
Abdominal pain 1 (4) 0 1 (5) 0 0 0 2 (8)
Vomiting 0 0 1 (5) 1 (5) 0 2 (10) 0
Fecal incontinence 0 0 0 1 (5) 2 (9) 0 0

General disorders and administration
site conditions

0 2 (9) 2 (9) 0 0 0 2 (8)

Infections and infestations 3 (12) 0 2 (9) 1 (5) 1 (4) 1 (5) 0
Injury, poisoning, and procedural

complications
0 2 (9) 1 (5) 2 (10) 1 (4) 0 2 (8)

Metabolism and nutrition disorders 2 (8) 1 (4) 1 (5) 1 (5) 2 (9) 1 (5) 1 (4)
Musculoskeletal and connective

tissue disorders
2 (8) 0 0 1 (5) 0 2 (10) 2 (8)

Nervous system disorders 0 1 (4) 2 (9) 1 (5) 1 (4) 3 (14) 2 (8)
Psychiatric disorders 2 (8) 0 1 (5) 0 0 0 2 (8)
Skin and subcutaneous tissue disorders 1 (4) 0 2 (9) 0 1 (4) 0 0
Vascular disorders 2 (8) 2 (9) 0 2 (10) 0 1 (5) 1 (4)

Values are numbers (%). AE, adverse event.
aIncludes one patient with a fatal serious AE.
bData shown for system organ classes (and preferred terms for GI disorders) in which two or more patients in any group experienced an AE.
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exposure and with individually optimized dosing. It will also
be important to investigate any potential drug–drug inter-
actions with tenapanor. Two studies in healthy volunteers
have investigated whether there is an effect on the absorption
of midazolam42 or cefadroxil43 when coadministered with
tenapanor, whereas another healthy volunteer trial showed
that the pharmacodynamic effects of tenapanor were not
affected when coadministered with sevelamer.44

Our study has a number of limitations. It was of short dura-
tion, with patients receiving only 4weeks of treatment,making it
difficult to draw conclusions about the longer-term effects that
tenapanormay have on dialysis-related outcomes. Furthermore,
patients received a fixed treatment dose, with no dose titration.
Although the overall sample size was relatively large, the number
of patients per group was modest, and there were some slight
imbalances in demographic characteristics. There was also a
higher proportion of men than women in all treatment groups.
These factors may reduce the precision in determining dose-
specific safety and efficacy in the entire dialysis population. An-
other double-blind, randomized, three-arm registration study
(ClinicalTrials.gov identifierNCT02675998) in patients with hy-
perphosphatemia in CKD stage 5D is investigating the effect of
tenapanor for8weeks: two treatment armswill receive tenapanor
at fixed doses of either 3 or 10 mg twice daily, whereas the third
arm will follow a weekly downtitration scheme according to GI
tolerability, with a starting dose of 30 mg twice daily.45

In conclusion, treatmentwithonceor twicedaily tenapanor,
an oral, minimally systemic, intraluminal inhibitor of NHE3,
resulted in statistically significant reductions in serum phos-
phate in patients with hyperphosphatemia receiving hemodi-
alysis. Significant reductions in serum FGF23 concentrations
were also observed. The ability to manage hyperphosphatemia
with a single pill given once or twice daily offers great potential

to improve the management of CKD-related bone mineral
disorders. Additional trials are needed to clarify the optimal
dosing of tenapanor in the management of hyperphosphate-
mia and explore the potential effects of tenapanor on interme-
diate, nonlaboratory-based end points.

CONCISE METHODS

Study Design
This randomized, double-blind, placebo-controlled, multicenter

study (EudraCT no. 2013–004319–33; ClinicalTrials.gov identifier

NCT02081534) was conducted at 47 centers in the United States,

Poland, Slovakia, and the United Kingdom. The study was performed

in accordance with the Declaration of Helsinki as well as Interna-

tional Conference on Harmonization and Good Clinical Practice

guidelines. The study protocol and its amendments were approved

by an independent ethics committee or institutional review board. All

study participants provided written informed consent before under-

going any study procedure.

After screening, eligible patientsunderwent a1- to3-weekwashout

of phosphate binders. We assessed patients weekly during washout to

assess eligibility for randomization (see below). We randomized pa-

tients after they met eligibility criteria (i.e., there was no requirement

to complete all 3 weeks of washout); patients who did not meet eli-

gibility criteria after 3 weeks of washout were excluded from addi-

tional participation.

We randomly assigned patients to one of six tenapanor regimens

(3 or 30 mg once daily or 1, 3, 10, or 30 mg twice daily) or placebo for

4 weeks (Figure 1). Tenapanor was formulated as round 9-mm-diameter

plainwhitefilm–coated tablets irrespective of dose. To ensure blinding, all

patients took one tablet in themorning and one in the evening just before

breakfast and dinner, respectively. No dose adjustments were permitted.

Table 4. Serum electrolytes

Electrolyte
Placebo,
n=26

Tenapanor

1 mg Twice
Daily, n=23

3 mg Once
Daily, n=22

3 mg Twice
Daily, n=21

10 mg Twice
Daily, n=23

30 mg Once
Daily, n=21

30 mg Twice
Daily, n=25

Calcium
Baseline, mg/dl 8.9060.77 8.5760.65 8.8060.52 8.8160.72 8.8860.62 8.6460.62 8.9060.53
Change from baseline, mg/dl 0.2660.59 20.0360.46 0.1260.53 20.1660.69 0.2760.47 0.0960.44 0.1560.84
n (Baseline, EOT/ET) 26, 24 23, 22 22, 21 21, 20 23, 20 21, 20 25, 23

Potassium
Baseline, mEq/L 5.0760.78 5.1360.72 5.1460.54 5.1960.72 5.2260.68 5.0060.41 5.1560.75
Change from baseline, mEq/L 20.0160.68 0.1360.46 20.0160.60 20.0260.77 0.0660.70 20.0360.44 20.0960.61
n (Baseline, EOT/ET) 26, 24 23, 21 22, 21 20, 19 23, 19 19, 16 25, 23

Sodium
Baseline, mEq/L 139.762.99 140.262.74 139.263.21 139.763.47 139.062.80 138.663.41 139.262.55
Change from baseline, mEq/L 0.862.97 0.063.08 0.262.89 1.062.98 21.262.72 0.563.09 0.062.28
n (Baseline, EOT/ET) 26, 24 23, 22 22, 21 21, 20 23, 20 21, 20 25, 23

Bicarbonate
Baseline, mEq/L 21.162.32 21.362.67 21.562.34 21.662.58 21.362.24 21.562.11 21.662.80
Change from baseline, mEq/L 21.062.85 21.062.24 21.063.13 20.662.32 21.062.68 20.663.49 21.062.56
n (Baseline, EOT/ET) 26, 24 23, 22 22, 21 21, 19 23, 20 21, 20 25, 23

Data are shown as mean6SD. EOT, end of treatment; ET, early termination.
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At the end of the treatment period, patients resumed their prestudy dose

of phosphate binders and underwent a follow-up visit 1–2weeks after the

last dose of study drug. Separate balanced randomization schemes were

generated for the United States and the European Union regions using a

computer-based random number generator.

Patients were withdrawn from study treatment if they met any of the

followingcriteria:hypophosphatemia(serumphosphate#2.5mg/dlatany

time), severe hyperphosphatemia (serum phosphate $10.0 mg/dl at

week2postrandomizationor later),metabolic acidosis (serumbicarbonate

,14 mmol/L), hyponatremia (sodium,125 mmol/L in two consecutive

predialysis samples), or hypotension.

Patients were not permitted to use antacids during the treatment

period. Changes in other concomitant medication were avoided dur-

ing study participation. However, medication considered necessary

for patients’ safety and wellbeing was allowed at the discretion of the

investigator.

Patients
Adults (age $18 years old) with CKD stage 5D and hyperphospha-

temia were eligible for participation. For inclusion at screening, pa-

tients had to be receiving maintenance hemodialysis three times per

week for at least 3months; show evidence of dialysis adequacy defined

as Kt/Vof at least 1.2 or a urea removal rate of at least 65% for the last

month; be prescribed a stable daily dose of phosphate binder (defined

as $800 mg sevelamer, $250 mg calcium carbonate/acetate, or

$500 mg lanthanum over the past 3 weeks); and have serum phos-

phate =3.5–8.0 mg/dl, normal serum calcium, and no evidence of

severe hyperphosphatemia ($10 mg/dl) in the previous 3 months.

Women of childbearing potential were required to have a negative

pregnancy test at screening and randomization and not to be lactating

and had to agree to use effective methods of contraception during the

study period.

After the 1- to 3-week washout of phosphate binders, to be

eligible for randomization, patients had to have a serum phosphate

level of at least 6.0 mg/dl but,10 mg/dl and show an increase of at

least 1.5 mg/dl from screening.

Key exclusion criteria were inflammatory bowel disease, GI bleed-

ing orotherGIdisease, serumPTHexceeding 1200pg/ml (on the basis

of the last available value before screening), severe metabolic acidosis

(serum bicarbonate,18 mmol/L) at the last visit before randomiza-

tion, and clinical signs of hypovolemia at randomization.

Study Assessments
Patients underwent visits at weekly intervals throughout the study

period, with serum phosphate monitoring at each visit. All study

visits occurred (including blood sampling) after a short dialysis

interval (#48 hours), and all assessments carried out at the visits

were performed before dialysis. Adherence to medication was as-

sessed by pill count determined as (pills dispensed 2 pills re-

turned)/(expected number of pills taken), where the denominator

was the (date of last dose 2 date of first dose +1) 3 (expected

number of pills per day).

The primary efficacy end pointwas the change in serumphosphate

concentration from baseline (randomization) to the end of treatment

or early termination (i.e., last available measurement during

treatment). Other efficacy measures included changes in serum

PTH, calcium, and calcium 3 phosphate product from baseline to

the end of treatment/early termination. Safety assessments included

physical examination, 12-lead electrocardiogram, measurement of

BP and heart rate, and clinical laboratory evaluations (clinical chem-

istry and hematology). AEs were assessed at all study visits.

Statistical Analyses
The safety analysis set included all patients who received at least one

dose of randomized treatment and had postdose data. Efficacy

analyses were performed on the full analysis set, which included

all randomized patients (intention to treat). For the primary effi-

cacy measure, we used an analysis of covariance model, with treat-

ment group as a fixed factor and baseline serum phosphate as a

covariate. An F test was used to evaluate the null hypothesis of

equal means at the 5% significance level followed by pairwise com-

parisons between each tenapanor treatment group and placebo

using a pairwise t test. Least squares mean estimates of change

from baseline in serum phosphate and associated 95% CIs were

determined for each treatment group. We undertook a similar ap-

proach in analyzing changes in FGF23 and PTH, except that the

log-transformed FGF23 data were analyzed (conducted post hoc)

due to highly skewed data on the original scale; therefore, the ratio

of least squares geometric means between the end of treatment (or

early termination) and baseline with associated 95%CIwas report-

ed for each treatment group.

Assuming a placebo-corrected reduction in serum phosphate of

2.0mg/dl after tenapanor at 30mg twice daily andanSDof 2.0mg/dl, a

sample size of 23 patients in each group would have 90% power for a

pairwise comparison between tenapanor at 30 mg twice daily and

placebousing a one-sided test at the 2.5% significance level. The study,

therefore, aimed to randomize 25 patients to each of the tenapanor at

30 mg twice daily and placebo groups plus 20 patients to each of the

other five groups.

All statistical analyses were conducted with SAS (version 9.1.3 or

higher; SAS Institute, Inc., Cary, NC).
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