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Introduction: Serum phosphate levels are insufficiently controlled in many patients with end-stage renal

disease (ESRD), and novel therapeutic strategies are needed. Blocking intestinal phosphate absorption

mediated by sodium-dependent phosphate co-transporter type 2b (NPT-IIb) holds promise; thus, we

evaluated the efficacy, safety, tolerability, and pharmacokinetics of the novel and specific small molecule

NPT-IIb inhibitor ASP3325 for the first time in humans.

Methods: We conducted a randomized, double-blind, placebo-controlled, phase 1a single (n ¼ 88) and

multiple (n ¼ 36) ascending dose study in healthy subjects, and a randomized, open-label, uncontrolled,

phase 1b study in hyperphosphatemic ESRD patients on hemodialysis (single oral dose, n ¼ 5; multiple

oral doses, n ¼ 17). Primary efficacy measures were urinary phosphate and fecal phosphorous excretion

(healthy subjects) and serum phosphate level (ESRD patients).

Results: No time- or dose-dependent changes in urinary phosphate or fecal phosphorous excretion were

observed following single/multiple ASP3325 doses for 7 days in healthy subjects. In ESRD patients,

ASP3325 administered 3 times daily for 2 weeks before or after a meal did not reduce serum phosphate

levels. ASP3325 was safe and well tolerated in both populations.

Conclusion: NPT-IIb inhibition with ASP3325 was not effective in reducing serum phosphate levels in

ESRD patients. The relevance of NPT-IIb in humans and feasibility of oral NPT-IIb inhibitors for treatment of

hyperphosphatemia in ESRD remain uncertain.
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C
hronic kidney disease affects approximately 10%
to 13% of the adult population in developed

countries1 and is characterized by impaired renal
function (i.e., reduced glomerular filtration rate) and/or
evidence of kidney damage. End-stage renal disease
(ESRD) dictates the need for renal replacement therapy,
including kidney transplantation or dialysis treatment,
and is associated with myriad metabolic complications
and dramatically increased morbidity and mortality.2

Hyperphosphatemia is a nearly inevitable complica-
tion of ESRD with prognostic implications for cardio-
vascular disease and mortality.3–5 Regular monitoring
and prevention of hyperphosphatemia is therefore uni-
versally recommended in clinical guidelines,6,7 although
the current treatment paradigm with phosphate binders
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and dietary measures is insufficient to achieve recom-
mended target concentrations of serum phosphate in
many ESRD patients.8 Use of phosphate binders is also
frequently accompanied by gastrointestinal side effects
and poor patient compliance, which limits their use and
underscores the need for additional therapeutic
options.9

The mechanism of intestinal phosphate absorption
in humans has not been fully elucidated. Conceptually,
it entails 2 principal components: active transport (i.e.,
via specific ion channels) and inactive transport (i.e.,
paracellular). The sodium-dependent phosphate co-
transporter type 2b (NPT-IIb; or SLC34A2) mediates
active phosphate absorption in the small intestine, and
in rodents it may account for up to 50% of the overall
phosphate absorption.10,11 This suggests that NPT-IIb
may be a potential candidate for targeted hyper-
phosphatemia treatment.

ASP3325 is a novel and specific small-molecule NPT-
IIb inhibitor that was found to be safe and effective in
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reducing systemic phosphate levels in nonclinical
studies using a rat model of adenine-induced renal
failure and in normal rats fed a high-phosphate diet.12

Consequently, ASP3325 was herein evaluated for the
first time in a clinical setting. In addition to establish-
ing its safety and pharmacokinetic profiles, the key
objective was to determine its efficacy in reducing
serum phosphate levels in ESRD patients as proof-of-
concept for this therapeutic strategy.
METHODS

Study Design

Two separate studies were performed with ASP3325.
Study 1 (phase 1a) comprised both single ascending
dose (SAD) and multiple ascending dose (MAD) ex-
periments in healthy subjects, whereas study 2 was
performed in ESRD patients on hemodialysis.

Study 1 was a randomized, double-blind, placebo-
controlled dose escalation study. In the SAD part,
ASP3325 was administered as a single dose in the dose
range of 1 to 600 mg. There were a total of 12 cohorts,
each with 6 subjects who received ASP3325 and 2 who
received placebo. The study included healthy Japanese
male and female subjects and 2 cohorts of Caucasian
subjects receiving 10 or 100 mg ASP3325 or matching
placebo. The study medication was administered under
fasting conditions. Finally, 1 cohort received 100 mg
ASP3325 or matching placebo under fed conditions.
The study was completed with an end-of-study visit
(follow-up examination) on day 7.

In the MAD part, healthy Japanese male and female
subjects were administered ASP3325 or placebo as
multiple doses, at doses of 10, 30, and 100 mg 3 times
daily for 7 days. The study medication was adminis-
tered 5 minutes after completion of a meal. In each
cohort, 8 healthy subjects received ASP3325 and 4
subjects received placebo. The study was completed
with an end-of-study visit on day 13 (follow-up ex-
amination) after final discharge. Details of the study
design are provided in Supplementary Appendix S1.
The inclusion and exclusion criteria are provided in
Supplementary Appendix S2.

In both parts of study 1, the safety, tolerability,
pharmacokinetics, and pharmacodynamics were eval-
uated. The study subjects consumed standardized
meals with known phosphorus and calcium content
during hospitalization. Urinary phosphate excretion
was measured in both studies, whereas fecal phos-
phorus excretion was measured only in the MAD
study. The study and data collection were conducted at
Sumida Hospital, Tokyo, Japan.

Study 2 (phase 1b) was conducted in hyper-
phosphatemic ESRD patients undergoing hemodialysis
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and was a randomized, 2-arm, open-label study to
evaluate the pharmacodynamics, pharmacokinetics,
and safety of multiple oral dosing of ASP3325 100 mg 3
times daily before or just after each meal for 2 weeks.
Twenty subjects with a serum phosphate level of $ 6.0
and < 10.0 mg/dl after washout with phosphate
binders, and an increase of $ 1.5 mg/dl from the first
day of the washout period, were randomized to the
before-meal or after-meal group in a 1:1 ratio. The
washout period lasted 1 week, and it was extended to a
maximum of 2 weeks if not all phosphate-related in-
clusion criteria were met. Blood samples were collected
at day 1, day 3, day 5, day 8, day 10, day 12, day 15, at
the follow-up examination, and at the time of discon-
tinuation. The study and data collection were con-
ducted at Moriya Keiyu Hospital, Ibaraki, Japan; Ama
Kyoritsu Clinic, Aichi, Japan; Hekikai Kyoritsu Clinic,
Aichi, Japan; Sanaru Sun Clinic, Shizuoka, Japan; and
Ibaraki Seinan Medical Center Hospital, Ibaraki, Japan.
The inclusion and exclusion criteria are provided in
Supplementary Appendix S2. Additional details are
provided in Supplementary Appendix S3.

Outcomes
Study in Healthy Subjects

To evaluate the pharmacodynamics of ASP3325, the
following parameters were evaluated: urinary phos-
phate excretion (SAD and MAD part) and fecal phos-
phorus excretion (MAD only). To evaluate the
pharmacokinetics of ASP3325, the following parame-
ters were evaluated: unchanged plasma ASP3325 con-
centration (SAD and MAD), urinary ASP3325
concentration (SAD and MAD), and fecal ASP3325
concentration (MAD only, ASP3325 100 mg 3 times
daily). Safety evaluations included adverse events
(AEs), vital signs, clinical laboratory tests, and stan-
dard 12-lead electrocardiograms.

Study in ESRD Patients

To evaluate the pharmacodynamics of ASP3325, the
following parameters were measured: serum levels of
phosphate, corrected calcium, intact parathyroid hor-
mone, and FGF23. To evaluate the pharmacokinetics of
ASP3325, trough plasma concentrations were measured
up to day 15. Safety evaluations included AEs, vital
signs, clinical laboratory tests, and standard 12-lead
electrocardiograms.

Statistical Analysis

For study 1 in healthy subjects, no formal statistical
sample size calculations were performed. The number
of subjects was chosen based on practical grounds and
previous experience with the first-in-human studies.
For study 2 in ESRD patients, the sample size was
determined as the sufficient number of subjects to
Kidney International Reports (2018) 3, 73–80



Figure 1. Change from baseline in (a) daily urinary phosphate excre-
tion; and (b) daily fecal phosphorous excretion in study 1 (multiple
ascending dose; study drug dosed 3 times daily for 7 days) in healthy
subjects with 3 dose levels of ASP3325 and placebo. No apparent time-
or dose-dependent changes in these pharmacodynamic assessments
were observed. Data are expressed as mean � SD.
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perform a reasonable assessment of the pharmacody-
namics and pharmacokinetics of ASP3325 based on
previous experience and treatment effect similar to
phosphate-binding studies.13–15 The pharmacodynamic
variables were summarized by treatment group and
visit and/or day. In addition, summaries are provided
for the before-meal and after-meal groups.

Statistical analysis were performed using SAS Drug
Development (version 3.4; SAS Institute, Cary, NC), PC-
SAS (version 9.1.3; SAS Institute), and Phoenix Win-
Nonlin (version 6.2; Pharsight Corporation, Mountain
View, CA).

Study Approval

The 2 studies were approved by the institutional re-
view board of each participating center. Each study
was conducted in accordance with the principles of the
Declaration of Helsinki. All subjects provided written
informed consent prior to inclusion in each study. All
studies were registered in ClinicalTrials.gov under the
identifiers NCT02500953 and NCT02510274.

RESULTS

Healthy Subjects
Disposition of Subjects

In the single ascending dose (SAD) study, 88 subjects
were randomized to receive ASP3325 (n¼ 66) or placebo
(n ¼ 22). A total of 54 Japanese subjects (42 male, 12
female), and 12 Caucasian subjects (all male) received
ASP3325. Eighteen Japanese subjects (14 male, 4 female)
and 4 Caucasian subjects (all male) received placebo. In
the multiple ascending dose (MAD) study, 36 Japanese
subjects were randomized to receive ASP3325 (24 male,
12 female) or placebo (12 male, 6 female). All subjects
who received the study drug completed the study and
were eligible for inclusion in all analysis sets.

Demographic and Clinical Characteristics

In the SAD study, the mean age of each treatment
group ranged from 22 to 36 years. The mean body
weight of each treatment group among the Caucasian
male subjects (range, 70–80 kg) was higher than that of
the Japanese male (range, 56–68 kg) and female (range,
52–57 kg) subjects. In the MAD study, the mean age of
each treatment group ranged from 27 to 28 years. No
apparent differences in baseline characteristics were
observed among the treatment groups.

Urinary and Fecal Phosphorus Excretion

Figure 1a and b show the changes in urinary phosphate
and fecal phosphorus excretion measured by 24-hour
urine and fecal collections following multiple doses of
ASP3325 (10, 30, or 100 mg) 3 times daily for 7 days in
healthy subjects (MAD study). No apparent time- or dose-
dependent changes were observed. Similarly, changes in
Kidney International Reports (2018) 3, 73–80
these pharmacodynamic parameters were not observed in
subjects who received a single dose of 3 to 600 mg of
ASP3325 (SAD study, data not shown). Notably, there
was a clear circadian variation in serum phosphate levels
(data not shown) as described elsewhere.16

Pharmacokinetics

ASP3325 was systemically absorbed and showed a
nearly dose-proportional increase in AUC up to 600 mg
(single dose). Under fasting conditions, Cmaxwas reached
within 1.4 to 6.7 hours. The plasma ASP3325 concen-
tration decreased with a t1/2 of 15.5 to 21.8 hours. Only a
small fraction of the dose was excreted in urine. After
multiple dosing, the AUC24h and Cmax increased in an
approximately dose-proportional manner. The t1/2
ranged from 17.8 to 18.3 hours. A steady state was
attained within 7 days after multiple dosing, 3 times
daily. Only a small fraction of the dose was excreted in
urine, and approximately 74% of the dose was excreted
in feces as unchanged drug following multiple oral
dosing.
75

http://ClinicalTrials.gov


Table 1. Baseline demographic, clinical, and biochemical
characteristics of ESRD patients

Parameter

Multiple dose (100 mg t.i.d.)

Before meal
(n [ 9)

After meal
(n [ 10)

Total
(n [ 19)

Demographic and clinical
characteristics

Age, yr

Mean � SD 60.7 � 10.0 62.2 � 8.9 61.5 � 9.2

Range 47–73 44–73 44–73

Sex, male, n (%) 4 (44.4) 5 (50.0) 9 (47.4)

Primary CKD disease

Chronic
glomerulonephritis

4 (44.4) 4 (40.0) 8 (42.1)

Diabetic nephropathy 2 (22.2) 4 (40.0) 6 (31.6)

Chronic pyelonephritis 0 0 0

Polycystic kidney
disease

2 (22.2) 0 2 (10.5)

Nephrosclerosis 0 1 (10.0) 1 (5.3)

Other 1 (11.1) 1 (10.0) 1 (10.5)

Before meal
(n [ 8)

After meal
(n [ 9)

Total
(n [ 17)

Biochemical pharmacodynamic parameters

Serum phosphate at
day 1 (mg/dl)

8.33 � 1.34 7.69 � 1.27 7.99 � 1.31

Corrected serum Ca at
day 1 (mg/dl)

8.85 � 0.84 8.72 � 0.71 8.78 � 0.75

Serum intact PTH at
day 1 (pg/ml)

323.1�132.7 373.7 � 205.1 349.9 � 171.5

Median 304.0 441.0 321.0

Serum FGF23 at
day 1 (pg/ml)

22,828 � 29,562 15,180 � 12,073 18,779 � 21,695

Median 9870.00 17,200.00 12,100.00

Data are presented as n (%) unless otherwise indicated.
Ca, calcium; ESRD, end-stage renal disease; FGF23, fibroblast growth factor�23; PTH,
parathyroid hormone; t.i.d., 3 times daily.
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Safety

ASP3325was safe and generallywell tolerated in healthy
subjects after single and multiple dosing. There were no
deaths, serious treatment-emergent adverse events
(TEAEs), or study discontinuations related to TEAEs.
Following a single dose, the reported TEAEs included
diarrhea (n ¼ 1), nasopharyngitis (n ¼ 1), an increase in
total bile acids (n¼ 2), and an increase in blood creatine
phosphokinase (n ¼ 2). Following multiple dosing,
enterocolitis (n¼ 1) was the only reported TEAE. All the
TEAEsweremild in severity. Diarrhea (ASP3325 100-mg
group, n ¼ 1) and increase in total bile acids (ASP3325
10-mg group, n¼ 1) were the only events considered to
be related to the study drug. No notable safety concerns
were identified in vital regard to signs (i.e., blood pres-
sure and pulse rate), clinical laboratory evaluations, or
electrocardiograms.

ESRD Patients on Hemodialysis
Disposition of Subjects

Nineteen Japanese stable hemodialysis patients were
randomized and received the study drug: 17 patients
(89.5%) completed the study, and 2 patients (10.5%)
discontinued. The primary reasons for discontinuation
were AEs and subject withdrawal (n ¼ 1, each)
(Supplementary Appendix S4).

Demographic and Clinical Characteristics

Baseline demographic, clinical, and biochemical char-
acteristics of the ESRD patients are shown in Table 1.

Serum Phosphate and Other Markers of Mineral

Metabolism

Prior to randomization, phosphate binders were
washed out for 1 to 2 weeks (see inclusion and exclu-
sion criteria in Supplementary Appendix S2). Eligible
patients were required to have an increase in serum
phosphate level of$ 1.5 mg/dl from the first day of the
washout period; the increase in serum phosphate levels
prior to randomization (driven by the study design) is
shown in Figure 2. However, dosing with ASP3325 300
mg 3 times daily before or after a meal did not reduce
serum phosphate levels in ESRD patients undergoing
hemodialysis after 2 weeks of treatment (Figure 3a), and
there were no apparent differences in serum phosphate
levels between the before-meal and after-meal groups
(Figure 2). The mean serum fibroblast growth
factor�23 (FGF23) level increased somewhat during the
study treatment, although the variability was high
(Figure 3b). The mean corrected serum calcium level
slightly decreased in the before-meal group and
slightly increased in the after-meal group during the
study treatment, whereas no consistent trend was
observed in the median change from baseline in serum
intact parathyroid hormone (data not shown).
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Pharmacokinetics

The pharmacokinetics of a single dose of ASP3325 (300
mg) was evaluated in 6 ESRD patients on hemodialysis
and was comparable with the pharmacokinetics in
healthy subjects (data not shown).

Following multiple oral dosing of ASP3325 100 mg 3
times daily before meals, the individual trough plasma
concentration (Ctrough) appeared to reach a steady state
on day 3 in most subjects. The mean and median Ctrough
were generally higher in the after-meal group
compared with the before-meal group.

Safety

ASP3325 was generally safe and well tolerated in ESRD
patients on hemodialysis. No deaths or serious TEAEs
were reported. TEAEs were reported in 6 of 19 subjects
(31.6%), and drug-related TEAEs were reported in 3
(15.8%). Diarrhea and vomiting were TEAEs reported
in$ 2 subjects (n¼ 2, each). Permanent discontinuation
caused by TEAEswas reported in 2 subjects (10.5%). All
of these events were mild or moderate in severity and
were considered related to the study drug. No notable
safety concerns were identified in vital signs, clinical
laboratory evaluations, or electrocardiograms.
Kidney International Reports (2018) 3, 73–80



Figure 2. Changes in mean serum phosphate levels (n ¼ 16) from screening to end of treatment. Note that serum phosphate levels increased
after washout of phosphate-binding therapy up to the day of randomization (day 0); however, no reduction in serum phosphate levels occurred
during the active treatment period with ASP3325 (days 0–14).
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DISCUSSION

The present study is the first to report on the efficacy
and safety of a specific NPT-IIb inhibitor (ASP3325) for
the treatment of hyperphosphatemia in ESRD patients.
Figure 3. Mean (� SD) change from baseline in (a) serum phos-
phate levels and (b) fibroblast growth factor�23 (FGF23) levels in
end-stage renal disease patients undergoing hemodialysis (study 2).
ASP3325 100 mg 3 times daily (administered either before or after
meals) did not reduce serum phosphate or FGF23 levels after 2
weeks of treatment.

Kidney International Reports (2018) 3, 73–80
Although no concerns were raised in terms of safety
and tolerability, ASP3325 failed to influence the pri-
mary efficacy assessments, namely, urinary phosphate
and fecal phosphorous excretion in healthy subjects
and serum phosphate levels in ESRD patients. ASP3325
also failed to reduce other biomarkers of disordered
phosphate metabolism; for example, the mean FGF23
level increased rather than decreased, as would have
been expected if intestinal phosphate absorption were
reduced.17 Thus, it is unlikely that ASP3325 is able to
effect downstream benefits of FGF23 lowering in ESRD
patients, which were associated with improvements in
cardiovascular outcomes as shown in a post hoc analysis
of the Evaluation of Cinacalcet HCl Therapy to Lower
Cardiovascular Events (EVOLVE) study.18

The lack of efficacy of ASP3325 sharply contrasts
with a preceding nonclinical study that demonstrated a
robust effect in mitigating hyperphosphatemia in
several rat models.12 Studies inmice harboring a deletion
of the Npt2b gene indicate that NPT-IIb�mediated
phosphate transport accounts for up to 50% of total
intestinal phosphate reabsorption, and that Npt2b gene
ablation mitigates hyperphosphatemia in mice with
renal failure.11 Differences in intestinal phosphate
transport among species could therefore possibly
explain our negative clinical findings. Indeed, the rele-
vance of NPT-IIb in human intestinal phosphate trans-
port has not been proved, and data on its expression
level and localization in the human small intestine are
scarce. Insufficient drug exposure may be another
reason, but is contradicted by pharmacokinetic simula-
tions indicating intestinal drug exposure exceeding the
inhibitor concentration above 90% (IC90, derived from
in vitro studies) in the ESRD patient study. The lack of
ASP3325 specificity should also be considered, espe-
cially because inhibition of the renal transporters
NPT-IIa or NPT-IIc could offset a reduction of urinary
phosphate excretion in healthy subjects because of the
77
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systemic absorption of ASP3325. However, the inhibi-
tion of these transporters would be expected to decrease
serum phosphate levels in the healthy volunteers, and it
cannot explain the null findings in ESRD patients in
whom renal elimination of phosphate is typically
negligible. Unpublished in vitro data also confirmed the
specificity for NPT-IIb without relevant inhibitory ef-
fects on NPT-IIa or NPT-IIc. Finally, the lack of target
engagement in the intestine remains a possibility; in-
testinal target engagement has not been proved and is
critical for efficacy, because NPT-IIb expression in
enterocytes is luminal, and its inhibition with ASP3325
does not warrant systemic exposure. Nevertheless, the
physicochemical properties of ASP3325 did not indicate
impaired intestinal solubility as a potential reason for
insufficient target engagement.

Nicotinamide is a marketed drug with anti-
inflammatory and cholesterol-lowering properties,
which also reduces serum phosphate levels in hemo-
dialysis patients.19–21 A postulated mechanism of action
involves negative transcriptional regulation of NPT-
IIb. Such a mechanism is inconsistent with our find-
ings, which failed to demonstrate a role of NPT-IIb in
the regulation of serum phosphate. The phosphate-
lowering capacity of nicotinamide may therefore be
attributed to other pleiotropic effects.22 Alternatively,
the possibility remains that nicotinamide offers a su-
perior target engagement as compared to ASP3325.

Importantly, inactivating mutations of the NPT-IIb
gene in humans cause a syndrome termed pulmonary
alveolar microlithiasis that is predominantly charac-
terized by interstitial lung calcifications.23 These pa-
tients have normal serum phosphate levels,
presumably due to compensatory renal mechanisms.
To date, there are no reported cases of pulmonary
alveolar microlithiasis with severe impairments in renal
function to support the assumption that NPT-IIb be-
comes progressively more important when normal
homeostatic mechanisms are no longer operational
(e.g., in renal failure). Our results indicate that NPT-IIb
plays a small or negligible role in humans under such
circumstances.

Currently marketed phosphate binders have several
disadvantages, such as a large pill burden and low drug
adherence,24 gastrointestinal side effects,25,26 and risk
of metal accumulation.27–30 Clinical experience further
suggests a maximum achievable reduction in serum
phosphate level of approximately 2.0 mg/dl, which
invariably leads to persistent hyperphosphatemia in
many ESRD patients. The fundamental premise of any
NPT-IIb inhibitor is to overcome these limitations and
ultimately to improve hyperphosphatemia manage-
ment. The current results cast a shadow on the future
prospects of NPT-IIb inhibitors.
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The present study has some limitations inherent to
phase 1 studies, including a relatively small sample size
and short treatment duration. The sample size and
2-week treatment duration in ESRD patients should
nevertheless be sufficient to detect a clinically relevant
pharmacodynamic signal based on the dynamics of
phosphate transport, and as evidenced in previous
clinical studies with phosphate binders.13–15 Finally, the
study involving ESRD patients was limited by its open-
label design and lack of a control arm. The strengths of
the present study include a thorough evaluation of the
total body phosphorus balance in healthy subjects (i.e.,
standardized food intake with known phosphorous and
calcium content, urine excretion, fecal excretion, and
serum level) under standardized conditions in a resi-
dential setting.

In conclusion, the role of orally administered NPT-
IIb inhibitors for the treatment of hyperphosphatemia
is uncertain and merits further investigation. It will be
critical to establish whether our findings are compound
specific or can be generalized to other development
candidates.
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