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Abstract
Background Tenapanor, a small molecule with minimal systemic availability, is a first-in-class sodium/hydrogen exchanger
3 (NHE3) inhibitor that acts in the gut. Here, we evaluate the
pharmacodynamics and safety of tenapanor in healthy adults.
Methods Two phase I, single-center, randomized, doubleblind, placebo-controlled studies were performed. The first
study assessed single-ascending oral tenapanor doses of 10,
50, 150, 450, and 900 mg (n = 8 per group; six tenapanor,
two placebo) and multiple ascending doses over 7 days of
3, 10, 30, and 100 mg q.d. (n = 10 per group; eight tenapanor, two placebo). In the second study, different tenapanor regimens were evaluated over 7 days (n = 15 per
group; 12 tenapanor, three placebo): 15 mg twice daily
(b.i.d.), 30 mg once daily (q.d.), 30 mg b.i.d., 30 mg three
times daily (t.i.d.), 60 mg b.i.d., escalating b.i.d. dose
(daily total 30–90 mg), 30 mg b.i.d. with psyllium.
Results Tenapanor produced generally dose-dependent
increases in stool sodium excretion and decreases in urinary
sodium excretion versus placebo; in addition, twice-daily dosing appeared to have a greater effect on sodium absorption than
once-daily dosing with an equivalent daily dose. Tenapanor
softened stool consistency and increased stool frequency and
weight from baseline versus placebo. Tenapanor concentrations
were below the quantification limit (0.5 ng/ml) in 98.5% of 895
plasma samples. Adverse events were mild or moderate in
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severity, and were typically gastrointestinal in nature. There
were no clinically relevant changes in serum electrolytes.
Conclusions Tenapanor was well tolerated and resulted in
reduced intestinal sodium absorption and softer stool consistency versus placebo. Systemic exposure to tenapanor
was minimal. These results support potential use of tenapanor in patients who could benefit from modification of
gastrointestinal sodium balance.
ClinicalTrials.gov identifiers NCT02819687, NCT02796
131.

Key Points
Tenapanor is an orally-administered, first-in-class,
small-molecule inhibitor of sodium/hydrogen
exchanger 3 (NHE3) that acts in the gut. These two
first-in-human studies evaluated the
pharmacodynamics and safety of tenapanor in
healthy adult volunteers.
Tenapanor treatment was well tolerated and resulted
in reduced intestinal sodium absorption, as shown by
increases in stool sodium excretion and decreases in
urinary sodium excretion versus placebo, as well as
softer stool consistency and increased frequency of
bowel movements from baseline versus placebo.
Systemic exposure to tenapanor was found to be
minimal.
These results support the potential use of tenapanor
in patients who could benefit from modification of
gastrointestinal sodium balance, such as those with
constipation-predominant irritable bowel syndrome
or chronic kidney disease.
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1 Introduction
The sodium/hydrogen exchanger (NHE) family of proteins
facilitates the electro-neutral exchange of sodium ions for
intracellular protons across membranes throughout the
gastrointestinal (GI) tract [1]. NHE isoform 3 (NHE3) is
present in the apical membrane throughout the intestinal
tract and is particularly important for intestinal sodium
transport and subsequent fluid homeostasis [2–4]. Regulation of NHE3 occurs during normal digestive processes and
can be disrupted in constipation- and diarrhea-related disorders [1, 5]. Inhibition of NHE3 diverts a portion of dietary
sodium to the stool, resulting in an increase in stool fluid
content [6] and promoting gastrointestinal motility; these
actions may be beneficial in alleviating conditions such as
constipation-predominant irritable bowel syndrome. In
addition, reducing sodium load could be of potential benefit
in patients with chronic kidney disease (CKD), as guidelines recommend that patients with CKD restrict their dietary
intake of sodium [7, 8]. Studies in patients on dialysis
suggest that restricting sodium intake can lead to
improvements in cardiovascular outcomes [9, 10].
Tenapanor is a first-in-class, small-molecule inhibitor of
NHE3 [6]. The compound has been designed to minimize its
absorption across cell membranes, combining a relatively high
molecular weight and total polar surface area compared with
typical small-molecule drugs. Preclinical studies show that
tenapanor acts locally in the gut, with minimal systemic
availability, and that the vast majority of the drug is passed
unchanged in stool [6]. Inhibition of NHE3 in the gut by
tenapanor reduces absorption of gastrointestinal sodium,
resulting in an increase in stool fluid content [6]. A drug with
these effects has potential application in the treatment of conditions related to constipation and CKD. Indeed, in salt-fed
nephrectomized rats, a model of CKD, tenapanor reduced
extracellular fluid volume and had cardiorenal protective effects
[6]. Tenapanor has also been shown to reduce absorption of
intestinal phosphate in rats [11]. Further to its pharmacodynamic effects, the minimal systemic absorption of tenapanor
confers the potential for relatively low rates of systemic side
effects. Tenapanor is therefore more likely to be associated with
a relatively inert safety and tolerability profile [12].
Here, we report data on the pharmacodynamics and
safety of various doses and dose regimens of tenapanor
from two healthy volunteer studies.

2 Methods
2.1 Study Overviews
These two phase I, single-center, randomized, doubleblind,
placebo-controlled
studies
evaluated
the

pharmacodynamics, plasma concentration, safety, and tolerability of tenapanor in healthy volunteers. The studies
were conducted between 15 November 2010 and 31
October 2011 at ICON Clinical Pharmacology, LLC
(Omaha, NE, USA). The first study (ClinicalTrials.gov
identifier: NCT02819687) contained single-ascending dose
(SAD) and multiple-ascending dose (MAD) phases. The
second study (ClinicalTrials.gov identifier: NCT02796131)
was performed to evaluate different dose regimens of
tenapanor.
2.2 Study Designs
After screening, participants of the two studies were
sequentially assigned to dose cohorts as shown in Fig. 1.
In the SAD phase of the SAD–MAD study, 40 volunteers were sequentially assigned to one of five dose cohorts
(eight volunteers per cohort) of 10, 50, 150, 450, and
900 mg, and then randomly assigned to tenapanor
hydrochloride (hereafter referred to as tenapanor) or placebo in a 3:1 ratio. In the MAD phase of the SAD–MAD
study, another 40 volunteers were sequentially assigned to
one of four dose cohorts (10 per cohort) of 3, 10, 30, and
100 mg once daily (q.d.) for 7 days, and then randomly
assigned to tenapanor or placebo in a 4:1 ratio. In the dose
regimen study, a further 105 volunteers were sequentially
assigned to one of seven dose cohorts (15 per cohort):
15 mg twice daily (b.i.d.), 30 mg q.d., 30 mg b.i.d., 30 mg
three times daily (t.i.d.), 60 mg b.i.d., escalating b.i.d. dose
(escalation every other day, daily total 30, 60, or 90 mg),
and 30 mg b.i.d. with psyllium (maximum 15 g psyllium
daily), all for 7 days; volunteers were then randomly
assigned to tenapanor or placebo in a 4:1 ratio. Randomization was computerized and both the study center staff
and the volunteers were blinded to treatment assignment.
All study treatments were administered orally.
Each volunteer checked into the clinical pharmacology
unit (CPU) before dinner on day - 2 (i.e., 2 days before the
first dose of study drug) for the SAD–MAD study and day
- 5 for the dose regimen study. After fasting overnight,
volunteers received their assigned doses of tenapanor or
placebo with approximately 240 ml of water before
breakfast on day 1 during the SAD phase, before breakfast
on days 1–7 during the MAD phase, and before meals on
days 1–7 of the dose regimen study. All volunteers
received a standardized diet with an approximate sodium
content of 1.1–1.5 g (48–65 mmol) in each of three daily
meals, equivalent to 8.4–11.4 g of table salt/day. Fluid
intake was ad libitum (and recorded).
The SAD phase of the SAD–MAD study was performed
before the MAD phase, and the dose regimen study performed subsequent to these. In both studies, safety data
were evaluated before dose escalation. A follow-up visit
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Fig. 1 Flow of volunteers through the a SAD–MAD and b dose
regimen studies. AE adverse event, b.i.d twice daily, MAD multiple
ascending dose, q.d. once daily, SAD single-ascending dose, t.i.d.
three times daily. ab.i.d. dose with escalation every other day, daily

total 30, 60, or 90 mg. bMaximum 15 g psyllium daily. cReported
AEs of abdominal pain and nausea. dIndividual withdrew consent to
participate after reporting AEs of abdominal pain and proctalgia
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was scheduled for each volunteer 12–16 days after discharge from the CPU (which was on day 4 for the SAD
phase and day 9 for the MAD phase and the dose regimen
study).
2.3 Study Volunteers
Healthy volunteers aged 19–65 years with a body mass index
of at least 18 kg/m2, but less than 30 kg/m2, were eligible for
these studies. Key exclusion criteria were: structural abnormality of the GI tract; any surgery on the small intestine or
colon, excluding appendectomy or cholecystectomy, or any
other condition known to interfere with absorption, distribution, metabolism, or excretion of drugs; loose stools
(Bristol Stool Form Scale [BSFS] [13] score of 6 or 7) on 2 or
more days in the 7 days before screening; use of diuretics,
medications known to affect stool consistency and/or GI
motility, or salt or electrolyte supplements containing
sodium, potassium, chloride, or bicarbonate formulations.
2.4 Study Assessments
Pharmacodynamic measures for both studies included
changes in urinary sodium excretion, as well as other
electrolytes, and stool frequency, weight, and consistency
(as measured using the 7-point BSFS score, which ranges
from type 1 [hard lumps] to type 7 [watery] [13]). Bowel
movement assessments were performed and daily stool and
urine samples collected from volunteers’ first full day in
the CPU (day - 1 for the SAD–MAD study, day - 4 for
the dose regimen study) to the day after receiving the last
dose of study drug. The daily collection intervals began
after the morning dose on one day and ended just before the
morning dose on the next day; for days when no dose was
administered, the time that the morning dose would have
been administered was used. Stool sodium and phosphorus
excretion were also assessed in the dose regimen study
(phosphorus was analyzed post hoc).
Blood samples were collected for analysis of tenapanor
plasma concentrations in the SAD–MAD study only. In the
SAD phase, samples were taken pre-dose and at 0.5, 1, 2, 4,
8, 24, 48, and 72 h post-dose. In the MAD phase, samples
were taken on day 1 pre-dose and at 0.5, 1, 2, 4, and 8 h
post-dose, pre-dose only on days 2–6, and on day 7 predose and 0.5, 1, 2, 4, 8, 24, and 48 h post-dose.
Adverse event (AE) monitoring was performed
throughout the studies. Vital signs were recorded at regular
intervals, including multiple time points on the first day of
dosing in both phases of the SAD–MAD study. Clinical
laboratory evaluations and electrocardiography were also
performed at regular intervals throughout the studies.
Physical examinations were conducted at screening and at
the end of each study.

2.5 Analytical Methods
Stool and urine samples were analyzed for electrolyte
content as described previously [14]. Electrolyte content of
stool samples was determined by RTI International (Research Triangle Park, NC, USA). Electrolyte content of
urine samples was determined by ICON Clinical
Pharmacology.
Samples of blood were analyzed for plasma concentrations of tenapanor by MicroConstants, Inc. (San Diego,
CA, USA), as described previously [14]. Briefly, tenapanor
was isolated from plasma using protein precipitation and
analyzed together with its deuterated internal standard
using liquid chromatography followed by tandem mass
spectrometric detection. The lower and upper limits of
quantification were 0.5 and 500 ng/ml, respectively.
2.6 Statistical Analyses
Pharmacodynamic measurements were summarized
according to dose group using descriptive statistics, with
calculations of daily means and standard deviations across
the treatment periods. Volunteers who received at least one
dose of study drug and had at least one post-baseline
pharmacodynamic assessment were included in the pharmacodynamic analyses. For each volunteer, mean ontreatment daily urinary (and stool, dose regimen study
only) electrolyte content and daily stool frequencies were
calculated as the sum of all available measurements following assignment to treatment divided by the number of
days of treatment for which measurements were available.
For each volunteer, mean BSFS score and mean stool
weight were calculated as the mean for each 24-h period,
and the 24-h means over the full treatment period were
used to provide the mean daily BSFS score and mean daily
stool weight.
AEs were analyzed by dose group using descriptive
statistics. All volunteers who received at least one dose of
study drug were included in the safety analyses.

3 Results
3.1 Study Volunteers
The flow of volunteers through each study is shown in
Fig. 1. In the SAD phase of the SAD–MAD study, of the
40 people enrolled, 39 completed the study; one volunteer
in the tenapanor 150 mg cohort withdrew consent. In the
MAD phase, all 40 enrolled volunteers completed the
study. All but two of the 105 volunteers in the dose regimen study completed the study. The demographic and
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baseline characteristics of all volunteers in both studies are
summarized in Table 1.
3.2 Pharmacodynamics: Sodium Excretion
In both phases of the SAD–MAD study, mean daily urinary
sodium excretion decreased from baseline in all groups,
including placebo; these decreases tended to be greater in
the tenapanor groups. In the SAD phase, the differences
started to diminish after the dosing day, day 1 (Fig. 2a,
Online Resource 1). Over 7 days of dosing in the MAD
phase, the greatest differences relative to placebo were
generally observed in the higher tenapanor dose groups,
30 mg q.d. and 100 mg q.d. (Fig. 2b, Online Resource 2).
Stool sodium excretion was not assessed in the SAD–MAD
study.
In the dose regimen study, mean stool sodium excretion
on the first day of dosing (day 1) increased for all cohorts
receiving tenapanor in a dose-dependent fashion; levels for
the 30 mg t.i.d. and 60 mg b.i.d. cohorts on day 1 showed

the greatest increases relative to placebo (Fig. 3a, Online
Resource 3). Stool sodium remained elevated from baseline
throughout the study in all cohorts receiving tenapanor. By
the first day of dosing, mean urinary sodium excretion was
lower than placebo in all cohorts receiving tenapanor
(Fig. 3b, Online Resource 4). Over time, urinary sodium
levels started to return to baseline levels in some cohorts.
The observed increases in stool sodium and reductions
in urinary sodium following repeated administration of
tenapanor in the dose regimen study were generally dose
dependent, most clearly observed when comparing the
30 mg q.d., b.i.d., and t.i.d. cohorts (as described previously [6]). In a comparison of two different dose regimens
providing equivalent total daily doses, volunteers in the
15 mg b.i.d. cohort had approximately two- to threefold
higher stool sodium levels and also had lower urinary
sodium levels than those in the 30 mg q.d. cohort.
Sodium excretion in the escalating dose cohort was
compared with that in the 30 mg b.i.d. and 15 mg b.i.d.
cohorts to investigate whether there may be any potential

Table 1 Demographics and baseline characteristics of volunteers
Age, years; mean ± SD

Men, n

White, n

BMI, kg/m2; mean ± SD

SAD–MAD study: SAD phase
Tenapanor doses
10 mg (n = 6)
50 mg (n = 6)

34.0 ± 13.6
35.7 ± 10.5

3
5

3
3

25.7 ± 3.6
24.7 ± 3.5

150 mg (n = 6)

39.0 ± 14.7

4

4

24.8 ± 2.8

450 mg (n = 6)

43.3 ± 14.2

3

3

25.1 ± 1.9

900 mg (n = 6)

33.8 ± 14.6

5

2

25.9 ± 3.4

38.3 ± 15.7

9

8

24.1 ± 1.8

Pooled placebo (n = 10)
SAD–MAD study: MAD phase
Tenapanor doses
3 mg q.d. (n = 8)

47.0 ± 13.3

5

6

25.8 ± 2.9

10 mg q.d. (n = 8)

32.5 ± 11.8

7

5

26.6 ± 1.8

30 mg q.d. (n = 8)

36.8 ± 9.7

3

4

24.6 ± 1.4

100 mg q.d. (n = 8)

42.6 ± 13.2

5

6

26.8 ± 3.3

Pooled placebo (n = 8)

39.1 ± 11.1

7

5

25.2 ± 2.3

15 mg b.i.d. (n = 12)

38.7 ± 12.9

10

6

25.7 ± 2.9

30 mg q.d. (n = 12)
30 mg b.i.d. (n = 12)

39.0 ± 12.4
38.8 ± 16.5

7
9

9
7

25.1 ± 2.6
24.6 ± 2.7

30 mg t.i.d. (n = 12)

35.1 ± 12.6

10

8

25.3 ± 3.0

60 mg b.i.d. (n = 12)

37.8 ± 11.8

9

5

26.1 ± 2.5

37.5 ± 13.3

8

9

26.5 ± 2.7

Dose regimen study
Tenapanor doses

Escalating b.i.d. dosea (n = 12)
b

30 mg b.i.d. ? psyllium (n = 12)
Pooled placebo (n = 21)

39.3 ± 13.5

9

8

25.8 ± 3.3

40.2 ± 13.3

12

16

25.5 ± 3.1

b.i.d twice daily, BMI body mass index, q.d. once daily, SD standard deviation, t.i.d three times daily
a

b.i.d. dose with escalation every other day, daily total 30, 60, or 90 mg

b

Maximum 15 g psyllium daily
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Tenapanor 15 mg b.i.d.
Tenapanor 30 mg q.d.
Tenapanor 30 mg b.i.d.
Tenapanor 30 mg t.i.d.

Tenapanor escalating
b.i.d. dose b
Tenapanor 30 mg b.i.d.
+ psyllium c
Pooled placebo

Tenapanor 60 mg b.i.d.

Fig. 2 Daily excretion of sodium via urine in healthy volunteers
treated with tenapanor or placebo in the SAD–MAD study a SAD
phase and b MAD phase. Data are given as mean ± standard
deviation. MAD multiple ascending dose, SAD single ascending
dose. aBaseline is the 24-h collection interval ending before dosing on
day 1

Fig. 3 Daily excretion of sodium via a stool and b urine in healthy
volunteers treated with tenapanor or placebo in the dose regimen
study. Data are given as mean ± standard deviation; data for the
15 mg b.i.d., 30 mg b.i.d., 60 mg b.i.d., and placebo cohorts have
been reported previously [6]. b.i.d. twice daily, q.d. once daily, t.i.d.
three times daily. aBaseline is the mean of values from day - 2 to day
- 1. bb.i.d. dose with escalation every other day, daily total 30, 60, or
90 mg. cMaximum 15 g psyllium daily
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benefit in using an escalating dosing regimen. Stool and
urinary sodium excretion were found to be similar in all
three cohorts, although volunteers receiving a consistent
dosing regimen tended to have greater reductions in urinary
sodium excretion from baseline than those receiving the
escalating dose regimen.
3.3 Pharmacodynamics: Excretion of Phosphorus,
Potassium, and Other Electrolytes
In the dose regimen study, mean stool phosphorus excretion increased on day 1 of tenapanor dosing and remained
higher than placebo throughout the dosing period (Online
Resource 5). Tenapanor dosing had no consistent effect on
mean daily urinary potassium excretion in either study
(data for the MAD phase of the SAD–MAD study shown in
Online Resource 6). Tenapanor administration also had no
impact on urinary calcium, chloride or creatinine excretion,
or urinary pH (as described previously [6]).
3.4 Pharmacodynamics: Stool Frequency, Weight,
and Consistency
Overall, in both the SAD–MAD and dose regimen studies,
tenapanor increased stool frequency and stool weight from
baseline relative to placebo throughout the dosing period.
Tenapanor administration resulted in softer stool consistency during the first day of dosing, which then remained
relatively constant for the duration of the study, as shown
by BSFS scores.
In the SAD phase of the SAD–MAD study, a single oral
tenapanor dose of 10–900 mg resulted in mean stool frequencies on day 1 in the range of 1.3–4.0 bowel movements/day, compared with 0.9 bowel movements/day for
placebo. In the MAD phase, tenapanor doses of 3–100 mg
q.d. over 7 days of dosing resulted in mean stool frequencies in the range of 0.5–2.4 bowel movements/day,
compared with 0.5–1.4 bowel movements/day for placebo.
Tenapanor doses above 10 mg q.d. were associated with
higher mean daily stool weights than placebo during dosing
in both phases (SAD phase, day 1: tenapanor 50–900 mg,
240–354 g; placebo, 138 g; MAD phase, day 1: tenapanor
10–100 mg q.d., 235–264 g; placebo, 167 g). Softer stool
tended to be observed throughout the dosing periods in all
tenapanor groups compared with placebo, with the exception of the 3 mg q.d. cohort in the MAD phase. Increases in
BSFS scores of 2 or more from baseline were observed on
day 1 of the SAD phase for individual volunteers in the
tenapanor 150, 450, and 900 mg groups, and were
observed on several days of the MAD phase for volunteers
given tenapanor 10–100 mg q.d.
In the dose regimen study, tenapanor administration
increased the number of bowel movements/day relative to

placebo throughout the dosing period (Fig. 4a, Online
Resource 7). The administration of psyllium with tenapanor 30 mg b.i.d. increased the mean number of bowel
movements/day compared with tenapanor 30 mg b.i.d.
alone. Mean daily stool weight increased on day 1 in all
tenapanor cohorts, most markedly in the 30 mg t.i.d. and
30 mg b.i.d. with psyllium cohorts, and then remained
relatively constant for the duration of the treatment period
(Fig. 4b, Online Resource 8). The addition of psyllium to
tenapanor 30 mg b.i.d. resulted in a greater increase from
baseline in mean stool weight than with 30 mg b.i.d. alone.
The greatest increases in BSFS scores were observed in the
30 mg t.i.d. and escalating dose cohorts (Fig. 4c, Online
Resource 9): all volunteers receiving these doses reported
increases in BSFS scores of 2 or more from baseline on at
least one day of the study period, compared with 52% of
volunteers receiving placebo.
3.5 Tenapanor Concentration in Plasma
Systemic exposure to tenapanor was minimal following
doses of up to 900 mg in the SAD–MAD study (as described
previously [6]). The concentration of tenapanor was below
the lower limit of quantification, 0.5 ng/ml, in 98.5% of the
895 plasma samples taken. The highest concentration of
tenapanor determined in any plasma sample was 1.4 ng/ml,
from a sample taken 4 h post-dose following a single 450-mg
dose of tenapanor in the SAD phase. When detected, systemic exposure to tenapanor was transient: quantifiable
plasma levels of tenapanor could not be detected in consecutive samples for any individual volunteer.
3.6 Safety and Tolerability
AEs were uncommon in both phases of the SAD–MAD
study. In the SAD phase, AEs were reported by three
volunteers receiving tenapanor (50 mg, n = 2; 150 mg,
n = 1) and two volunteers receiving placebo. In the MAD
phase, AEs were reported by 11 volunteers receiving
tenapanor (3 mg q.d., n = 2; 10 mg q.d., n = 2; 30 mg
q.d., n = 4; 100 mg q.d., n = 3) and one volunteer
receiving placebo. All AEs reported in the SAD phase, and
most in the MAD phase (8/12), were mild in severity. One
AE of abdominal pain reported in the SAD phase was
considered by the study investigator to be possibly related
to tenapanor (50 mg). In the MAD phase, the AEs considered possibly related to tenapanor were two of nausea
(3 mg q.d., n = 1; 10 mg q.d., n = 1), one of abdominal
pain (3 mg q.d.), one of upper abdominal pain (10 mg
q.d.), one of eosinophilia (10 mg q.d.), one of headache
(30 mg q.d.), and one of rash (30 mg q.d.).
In the dose regimen study, 38 (36%) of the 105 volunteers reported at least one AE, comprising 30 (36%) of 84
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Fig. 4 a Daily stool frequency,
b daily stool weight, and c stool
consistency in healthy
volunteers treated with
tenapanor or placebo in the dose
regimen study. Data are given
as mean ± standard deviation;
stool consistency data for the
15 mg b.i.d., 30 mg b.i.d.,
60 mg b.i.d., and placebo
cohorts have been reported
previously [6]. b.i.d. twice daily,
q.d. once daily, t.i.d. three times
daily. aBaseline is the 24-h
collection interval ending before
dosing on day 1 (stool weight:
daily average from day - 3 to
day - 1). bb.i.d. dose with
escalation every other day, daily
total 30, 60, or 90 mg.
c
Maximum 15 g psyllium daily
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Table 2 Summary of adverse events reported by volunteers in the dose regimen study
Tenapanor dose

All
tenapanor
(n = 84)

Pooled
placebo
(n = 21)

15 mg
b.i.d.
(n = 12)

30 mg
q.d.
(n = 12)

30 mg
b.i.d.
(n = 12)

30 mg
t.i.d.
(n = 12)

60 mg
b.i.d.
(n = 12)

Escalating
b.i.d. dosea
(n = 12)

30 mg
b.i.d. ? psylliumb
(n = 12)

At least one AE

4

4

0

4

6

6

6

30

8

At least one
treatment-related
AEc

1

2

0

2

5

3

6

19

6

AEs leading to
study drug
discontinuation

0

0

0

0

2

0

0

2

0

AE by preferred termd
Abdominal pain

0

0

0

2

4

2

0

8

3

Headache

0

2

0

1

0

3

0

6

2

Abnormal
gastrointestinal
sounds

0

0

0

0

0

1

4

5

0

Abdominal
discomfort

0

0

0

0

0

3

1

4

0

Treatment-related AE by preferred terme
Abdominal pain

0

0

0

2

4

2

0

8

3

Abnormal
gastrointestinal
sounds

0

0

0

0

0

1

4

5

0

Abdominal
discomfort

0

0

0

0

0

2

1

3

0

Data given are number of individuals reporting an AE. Individuals with multiple events in the same category are counted only once in that
category. Individuals with events in more than one category are counted once in each of those categories
AE adverse event, b.i.d twice daily, q.d. once daily, t.i.d three times daily
a

b.i.d. dose with escalation every other day, daily total 30, 60, or 90 mg

b

Maximum 15 g psyllium daily

c

Possibly or probably related to study drug

d

MedDRA preferred term; AEs with overall frequency greater than 3

e

MedDRA preferred term; AEs reported by two or more volunteers in any cohort

volunteers who received tenapanor and eight (38%) of 21
volunteers who received placebo (Table 2). All reported
AEs were mild or moderate in severity. The most common
AEs were GI in nature. A total of 25 volunteers (24%)
experienced at least one AE considered by the investigator
to be study drug-related (19 volunteers [23%] who received
tenapanor and six volunteers [29%] who received placebo,
respectively); the majority of these AEs were mild and GIrelated. The most common AEs considered to be study
drug-related were abdominal pain (eight tenapanor, three
placebo), abnormal GI sounds (five tenapanor), and
abdominal discomfort (three tenapanor). Two volunteers
who received tenapanor 60 mg b.i.d. discontinued study
drug owing to GI AEs (abdominal pain in both volunteers,
plus nausea and proctalgia reported by one volunteer each).
No deaths or serious AEs were reported during either the
SAD–MAD or the dose regimen studies. Across all dose

groups in both studies, there were no clinically relevant differences noted between individuals receiving tenapanor or
placebo in serum sodium, potassium, phosphate, calcium or
chloride, or in other clinical chemistry assessments. Similarly,
there were no clinically relevant differences in vital signs,
electrocardiogram parameters, or physical examinations.

4 Discussion
Tenapanor, a minimally systemic NHE3 inhibitor, reduces
absorption of intestinal sodium [6] and phosphate, actions
that may be of therapeutic benefit in conditions related to
constipation and CKD [15, 16]. The results of these two
studies of tenapanor in healthy volunteers—a SAD–MAD
study and a dose regimen study—support further clinical
investigation of tenapanor in patients with such conditions.
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In the SAD–MAD study, tenapanor was confirmed to
have minimal systemic availability and did not accumulate
over 7 days of oral dosing. Administration of tenapanor
resulted in reduced absorption of gastrointestinal sodium,
as shown by an increase in stool sodium excretion with a
concomitant decrease in urinary sodium excretion compared with placebo in the dose regimen study, as well as by
decreased urinary sodium excretion in the SAD–MAD
study. These changes were observed from the first day of
dosing and continued throughout the duration of the
treatment period. The magnitude of the response to tenapanor appeared to be dose dependent, with tenapanor
60 mg b.i.d. producing increases in stool sodium of up to
approximately 50 mmol/day more than placebo over
7 days in the dose regimen study, equivalent to a 2.8-g
reduction in table salt intake. In addition, twice-daily
dosing appeared to have a greater effect on sodium
excretion than once-daily dosing with an equivalent daily
dose. The pharmacodynamic effect of tenapanor appeared
to be reversible, with urinary sodium levels generally
similar to placebo levels 2 days after a single dose of
tenapanor in the SAD phase of the SAD–MAD study. Stool
phosphorus excretion also increased with tenapanor in the
dose regimen study, indicating reduced absorption of
intestinal phosphate. Tenapanor administration had no
clinically meaningful effect on urinary potassium excretion
or other urinary electrolytes evaluated. Tenapanor treatment resulted in a softer stool consistency, and increased
stool weight and frequency of bowel movements.
Consistent with the minimal systemic exposure of
tenapanor observed in these studies, tenapanor was generally well tolerated; all AEs were mild to moderate in
intensity and no serious AEs were reported. No clinically
meaningful differences were observed in the incidence or
severity of reported AEs between the tenapanor-dose
cohorts in either the SAD–MAD study or the dose regimen
study compared with placebo. AEs were mainly GI in
nature, with abdominal pain being the most frequent, and
were reported by a similar proportion of volunteers
receiving tenapanor and placebo. These findings are consistent with other healthy volunteer studies of tenapanor, in
which GI AEs, particularly diarrhea, were the most common class of AE experienced [14, 17, 18]. The occurrence
of GI AEs following tenapanor treatment may be expected,
given its pharmacological effect that leads to increased
water retention in the GI tract. No clinically relevant
changes in serum electrolytes were observed in volunteers
given tenapanor relative to those receiving placebo.
The stool-softening effect of tenapanor may be beneficial to patients with constipation-related conditions [16]. In
order to investigate these potential benefits further, the
efficacy and long-term safety of tenapanor are being
studied at doses up to 50 mg b.i.d. in patients with

constipation-predominant IBS (ClinicalTrials.gov identifiers: NCT02621892, NCT02686138, NCT02727751).
Results from a phase IIb study in this patient population
showed that tenapanor provided clinically meaningful
improvements in constipation and abdominal pain [19].
The effect that tenapanor has on sodium absorption may
also be of benefit to patients with CKD [15]. Current
guidelines on the management of CKD recommend limiting sodium intake to 2–3 g (equivalent to 5–8 g of
table salt) per day to reduce the risk of patients developing
hypertension and cardiovascular disease [7, 8]. In individuals with CKD requiring dialysis, dietary sodium intake
influences the degree of systemic fluid retention between
dialysis sessions (also known as interdialytic weight gain),
which in turn can influence cardiovascular outcomes and
all-cause mortality [9, 10, 20]. A phase II study in patients
with CKD stage 5D investigated the effect of tenapanor on
interdialytic weight gain; although the study did not show
significant differences in interdialytic weight gain between
patients receiving tenapanor and those given placebo, statistically significantly higher stool sodium was achieved in
patients receiving tenapanor, with the mean stool sodium
over 7 days (33.8 mmol/day) being equivalent to a reduction in table salt intake of 2 g/day [21]. Preclinical studies
have also shown that tenapanor reduces absorption of
intestinal phosphate and protects against vascular calcification in a rat model of CKD [11].
The reduction of intestinal phosphate absorption with
tenapanor, as evidenced by increases in stool phosphorus
over 7 days of dosing in the dose regimen study, has since
been confirmed in further healthy volunteer studies
[14, 17]. Consequently, tenapanor is undergoing clinical
investigation in patients with hyperphosphatemia associated with CKD requiring dialysis, an area in which novel
agents that alleviate the treatment burden are urgently
needed [22].

5 Conclusions
In these two healthy volunteer studies, tenapanor was well
tolerated and confirmed to have minimal systemic availability. Tenapanor reduced intestinal sodium absorption in
an apparently dose-dependent manner; in addition, twicedaily dosing appeared to have a greater effect on sodium
absorption than once-daily dosing with an equivalent daily
dose. Tenapanor also reduced intestinal phosphate
absorption. The pharmacodynamic effects of tenapanor
were associated with increased frequency of bowel movements and softer stool consistency compared with placebo.
The pharmacodynamic and tolerability profiles of tenapanor in these studies, in conjunction with low systemic
exposure, support further clinical investigations of this
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novel agent in patients with conditions that can potentially
be managed by modifying gastrointestinal sodium and
phosphate balance.
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