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BACKGROUND AND PURPOSE
Phosphate imbalance is often present in chronic kidney disease (CKD), and it contributes to a higher cardiovascular mortality rate.
A phosphate binder is typically part of a treatment strategy for controlling phosphate imbalance. However, safety concerns and
low compliance are two well-recognized disadvantages of on-market phosphate binders. This report describes the preclinical
studies of VS-505, a non-absorbable, calcium- and aluminum-free, plant-derived polymer currently being evaluated in
haemodialysis patients in Australia.

EXPERIMENTAL APPROACH
Normal Sprague Dawley (SD) rats or uraemic SD rats induced by 5/6 nephrectomy fed a high-phosphate diet were treated with
VS-505 or sevelamer (0.05–10% in food) for 5 and 28 days respectively.

KEY RESULTS
Urinary and serum phosphate levels were significantly elevated in untreated rats, and were decreased by VS-505 and sevelamer.
VS-505 increased faecal phosphate levels in a dose-dependent manner. High-phosphate diet also caused an increase in serum
FGF-23 and parathyroid hormone in nephrectomized (NX) rats, effects prevented by VS-505 or sevelamer. Significant aortic
calcification was observed in NX rats treated with 5% sevelamer, whereas VS-505 at all doses tested did not show effects. VS-505
had no effects on small intestine histomorphology and intestinal sodium-dependent phosphate cotransporter gene expression. In
vitro characterizations showed that VS-505 has a relatively high density and low expansion volume when exposed to simulated
gastric fluid.

CONCLUSIONS AND IMPLICATIONS
VS-505 is a safe and effective phosphate binder and may offer the advantage of having a reduced pill burden and minimal GI side
effects for CKD patients.

Abbreviations
CKD, chronic kidney disease; GI, gastrointestinal; H–E, haematoxylin–eosin; NX, nephrectomized; PTH, parathyroid hor-
mone; Pi, phosphate; SD, Sprague Dawley
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Introduction
Many body functions such as energy metabolism, nucleic
acid synthesis, bone mineralization and cell signalling
require inorganic phosphate (Berndt and Kumar, 2007).
Because of the critical role of the kidney in maintaining min-
eral homeostasis, mineral and bone disorder begins early in
the course of chronic kidney disease (CKD) (Moe et al.,
2009). CKD patients are known to experience a high mortal-
ity rate from cardiovascular complications. Clinical studies
have linked hyperphosphataemia to a higher cardiovascular
mortality in CKD (Foley et al., 2005; Bellasi et al., 2011;
Eddington et al., 2010). Furthermore, Eddington et al.
(2010) and a report from the Framingham offspring study
(Dhingra et al., 2007) showed that higher serum Pi levels,
even when they are within the normal laboratory range
recommended in the Kidney Disease Outcomes Quality
Initiative guidelines (Eknoyan et al., 2003), are potentially
linked to an increase in mortality in stage 3/4 CKD
(Eddington et al., 2010) and/or increased cardiovascular risk
in the general population (Dhingra et al., 2007). In dialysis-
dependent patients with stage 5 CKD, several studies have
demonstrated a robust association between elevated serum
phosphorous levels and increased all-cause mortality (Block
et al., 2004; Kalantar-Zadeh et al., 2006).

Phosphate imbalance in CKD is clinically managed by
two approaches: dietary restriction of phosphate intake
and the use of oral phosphate binders (Kalantar-Zadeh
et al., 2010). Dietary restriction of phosphorus intake is
difficult because phosphate is abundant in many foods
(Ritz et al., 2012). Thus, most CKD patients with
hyperphosphataemia (based on serum phosphate levels)
take phosphate binders. Oral phosphate binders, generally
classified as either calcium-containing or calcium-free, work
by binding phopsphate in the gastrointestinal (GI) tract,
which in turn leads to less phosphate being available for
absorption and uptake into the body. A significant clinical
management issue with on-market phosphate binders is
poor patient compliance due in large part to GI intolerabil-
ity and large pill burden (size and number). In addition,
safety concerns such as hypercalcaemia, aluminum toxicity,
negative influence on other medication and accumulation
in organs have been reported for some on-market phos-
phate binders (Chiu et al., 2009; Ito et al., 2014; Wang
et al., 2014).
Because controlling the phosphate imbalance in CKD
patients is critical, there is a need to continue searching for
novel phosphate binders that better match an ‘ideal’ product
profile: (1) highly efficient at binding phosphate; (2) minimal
patient compliance issues; and (3) reduced side effects and
safety concerns. To this end, we have discovered a series of
Ca-free, aluminum-free and non-absorbable novel phosphate
binders that are derived from natural plant-based polymers
commonly used in the food industry. Previously, we have
published preclinical study data on VS-501, a predecessor of
VS-505 (Wu-Wong et al., 2014). VS-505, with significantly
improved potency and physical properties over VS-501, is
currently being evaluated in a clinical study in Australia in-
volving haemodialysis patients (ClinicalTrials.gov Identifier
#: NCT02469467). In this study, we present results from
preclinical studies showing that VS-505 is effective at binding
phosphate and may have advantages over current on-market
phosphate binders with regard to its potentially low pill
burden and minimal side effects on the GI tract.
Methods

Normal rat studies
Normal Sprague Dawley (SD) rats were used to screen com-
pounds so that the compounds of interest could be further
evaluated in the 5/6 nephrectomized (NX) rats (as described
below). Male SD rats (body weight of ~400 g) were fed a
standard rodent diet in powder form (Teklad LM-485, 7912;
Harlan Laboratories, Madison, WI, USA) supplemented with
0.66% phosphate (a 2:1 mixture of dibasic and monobasic
potassium phosphate by dry weight) as previously described
by Sutliff et al. (2011). Rats were treated with vehicle (gum
Arabic, the unprocessed plant polymer), VS-505 or sevelamer
(HCl or carbonate, concentrations as indicated) at 0.04 to
10% (by dry weight) in their food for 5 days. The doses of
the phosphate binders were chosen based on previous studies
(Cozzolino et al., 2003; Rosenbaum et al., 1997; Wu-Wong
et al., 2014) and adjusted upward when needed. Rats were
placed in metabolic cages with one rat per cage on the first
(before dosing) and last days of treatment. Faeces and/or
urine samples were collected for 24 h. Due to the limited
availability of metabolic cages, the studies were staged such
that at each time no more than 30 rats were handled. At the
British Journal of Pharmacology (2016) 173 2278–2289 2279

http://ClinicalTrials.gov
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=512
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=221#1136
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2791
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1786
http://www.guidetopharmacology.org


BJP J R Wu-Wong et al.
end of the studies, the data were compiled. The studies were
carefully conducted so that each independent study in-
cluded untreated, vehicle-treated groups and also groups
treated with the test agent of interest. The animals were
randomly assigned to the study groups in each independent
study. The final number of rats per group was as follows:
high phosphate food alone, n = 11; 1% vehicle, n = 5;
sevelamer HCl at 0.2, 1, 5 and 10%, n = 8, 8, 4, 6 respec-
tively; VS-505 at 0.04, 0.2, 1 and 5%, n = 6, 6, 9, 6, respec-
tively; and sevelamer carbonate at 0.04, 0.2 and 1%, n = 5,
4, 4 respectively. Blood samples from each rat were collected
via the tail vein (pre-dosing) or cardiac puncture (before
death) for serum preparation. Physiological parameters were
determined as shown below.

5/6 Nephrectomized uraemic rat studies
The primary focus of these studies was to test the feasibility of
using VS-505 to treat hyperphosphataemia in CKD. The male
SD 5/6 NX uraemic rat model has been shown to be a highly
predictive animal model for late stage 4 CKD and was used
previously to test VS-501, a predecessor of VS-505 (Wu-Wong
et al., 2014). Briefly, nephrectomy was performed onmale, SD
rats weighing ~200 g with a standard two-step surgical
ablation procedure as previously described (Wu-Wong et al.,
2011; Wu-Wong et al., 2013a). At 6 weeks after the second
surgery when uraemia had been established [as indicated by
elevated serum creatinine and blood urea nitrogen (BUN)
levels], rats on a high-phosphate diet (as described above)
were treated with vehicle, VS-505 or sevelamer carbonate
(concentrations as indicated) at 0.2–5% (by dry weight) in
their food for 4 weeks. On days 0 (pre-dosing), 14 (week 2)
and 28 (week 4), rats were placed in metabolic cages with
one rat per cage, and urine and faeces samples were collected
during a period of 24 h. Due to the limited availability of
metabolic cages, the studies were staged such that at each
time point no more than 30 rats were handled. In addition,
on average, 30% of the uraemic animals died during the
course of the study, and any variations from animal to animal
were noted. The studies were carefully conducted so that each
independent study included sham, vehicle-treated rats and
groups treated with the test agent of interest. The animals
were randomly assigned to the study groups in each indepen-
dent study. At the end of the studies, the data were compiled.
The final number of rats per group was as follows: sham, n = 9;
1% vehicle, n = 6; 5% vehicle, n = 9; sevelamer carbonate at
0.2, 1 and 5%, n = 7, 7, 8 respectively; VS-505 at 0.2, 1 and
5%, n = 8, 7, 13 respectively. Blood samples from each rat were
collected via tail vein (before and during dosing) or cardiac
puncture (before death) for serum preparation. Physiological
parameters were determined as described below.

All animal studies were conducted under the auspices of
the Office of Animal Care and Institutional Biosafety,
University of Illinois at Chicago. The studies conformed to
the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publica-
tion No. 85-23, Eighth Edition, 2011). Humane end points
for animals at the end of the studies (termination of exper-
iments) were provided according to the approved animal
protocols. Animal studies are reported in compliance with
the ARRIVE guidelines (Kilkenny et al., 2010; McGrath &
Lilley, 2015).
2280 British Journal of Pharmacology (2016) 173 2278–2289
Measurements of physiological parameters
Serum parathyroid hormone (PTH) was measured using
a rat intact PTH ELISA kit obtained from Immutopics
(San Clemente, CA, USA). Serum and urine Ca were measured
using a Stanbio LiquiColor Ca assay kit (Boerne, TX, USA).
Serum and urine phosphorus/phosphate levels were
determined using a phosphate colorimetric assay (Catalog
#K410–500; BioVision, Milpitas, CA, USA). Serum FGF-23
was determined using a rat/mouse FGF-23 (C-terminal) ELISA

kit obtained from Immutopics. The serum creatinine and
BUN concentrations were measured using a chemistry
analyser.

To determine faecal phosphate, each faeces sample
(2 g per sample) was ashed at 800°C for 30 min, followed by
extraction in 5 mL of 12 N HCl with vortexing and shaking
at room temperature for ~60 min. The supernatant, collected
by centrifugation, was neutralized by adding an equal vol-
ume of 12 N NaOH. The mixture was centrifuged again, and
the supernatant was collected for phosphate determination
as described above. Total urinary and faecal Pi levels during
a 24 h period were calculated.
Urinary protein determination
Urine samples were collected as described above. Urinary
protein concentrations were determined using the Thermo
Scientific Pierce 660 nm Protein Assay kit (Life Technologies,
Grand Island, NY, USA). Total urinary protein levels during a
24 h period were calculated.
Tissue preparation and staining
Tissue samples, fixed in formalin for 1–3 days and then trans-
ferred to 70% alcohol, were embedded in wax. They were cut
into 5 μm sections and stained with haematoxylin–eosin
(H–E). For calcification studies, sections of aorta were stained
by the von Kossa method and counterstained with nuclear
fast red (Wu-Wong et al., 2007). Positive (brown) staining in
each aorta section was scored by two investigators in a
blinded manner; the staining assessments (i.e. the % of area
in the section showing positive, brown staining) by the two
investigators were similar.
Real-time RT-PCR
Real-time RT-PCR was performed with an ABI 7500 Fast Real-
Time PCR System (Applied Biosystems, Foster City, CA, USA).
Each sample consisted of a final volume of 25 μL containing
200 ng of mRNA, 100 nM (final concentration) each of the
forward and reverse PCR primers and 250 nM (final concen-
tration) of the TaqMan™ probe (Applied Biosystems). Tem-
perature conditions consisted of a step of 30 min at 48°C
and a step of 10 min at 95°C, followed by 45 cycles of 60°C
for 1 min and 95°C for 15 s. Data were collected during each
extension phase of the PCR reaction and analysed by a
software package (Applied Biosystems). Threshold cycles
were determined for each gene. The expression levels of three
genes, intestinal Calb3 (the gene encoding calbindin D9K)
and TRPV6 (the gene encoding CaT1 and ECaC2) that are
involved in intestinal Ca transport and intestinal type II
sodium-dependent phosphate cotransporter (NPT2b), were
determined.
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In vitro polymer characterization
For expansion volume determination, VS-505 or sevelamer
carbonate at 0.1 g (dry powder) was incubated with 5mL of sim-
ulated gastric fluid [0.2% (w v-1) NaCl, 0.7% (v v-1) HCl, without
pepsin] at 37°C. The expanded volumewas recorded at different
time points (20 min, 1 h, 2 h and 5 h after the addition of
simulated gastric fluid) following the incubation. To determine
in vitro phosphate binding capacity, VS-505or sevelamer carbon-
ate at 0.1 gwas incubatedwith 10mLof a Pi solution containing
different Pi concentrations (different amounts of 85% phospho-
ric acid, 3.18 g of sodium carbonate and 4.68 g of NaCl in 1 L of
water) at neutral pH for 24 h at 37°C. In separate studies, VS-505
at 0.1 g was incubated with 10 mL of a 100 mM phosphate
solution (6.85 mL of 85% phosphoric acid, 3.18 g of sodium
carbonate and 4.68 g of NaCl in 1 L of water) at 37°C at different
pH (as indicated) for 24 h. The samples were centrifuged, and
the supernatant was collected for phosphate determination as
described above. The density of the dry compressed powder
was determined using a helium pycnometer.

Data analysis
Statistical comparisons between two treatment groups were
performed using unpaired t-tests with 95% confidence inter-
vals of difference. Differences among different groups were
assessed using a one-way ANOVA followed by a Dunnett’s
post hoc test. The D’Agostino test was carried out to confirm
Figure 1
Serum and urinary phosphate (Pi) and Ca in normal rats on a high-Pi diet.
sevelamer (Renagel: sevelamer hydrochloride, and Renvela: sevelamer carb
in the ‘Methods’ section. At two different time points (pre-dosing and on
and Ca determination as described in the ‘Methods’ section. Mean ± SEM
‘Methods’ section). The final number of rats per group was as follows: high
and 10%, n = 8, 8, 4, 6 respectively; VS-505 at 0.04, 0.2, 1 and 5%, n = 6
n = 5, 4, 4 respectively. (A) Serum Pi. (B) Urinary Pi in 24 h. (C) Serum Ca.
with 95% confidence intervals of difference was performed for statistical c
*P < 0.05, **P < 0.01, ***P < 0.001 versus high-Pi food alone.
the normal distribution for all the groups with eight or more
values. There was no significant variance in homogeneity.
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015).

Materials
VS-505 was made by Vidasym (Chicago, Illinois, USA). The syn-
thesis, which involves chemical modification of gum Arabic
(from the acacia tree) with a molecular weight at ~250, 000 Da
[devoid of a higher molecular mass (~1, 450, 000 Da) protein
component and also devoid of the glycoprotein component],
and detailed analytical characterizations have been published
previously (Wu-Wong, 2014). Sevelamer {as Renagel®
[hydrochloride (HCl) form] or Renvela® [carbonate form]} was
obtained from the University of Illinois at Chicago pharmacy
(IL, USA). Other reagents were of analytical grade.
Results

Effect of VS-505 on serum, urinary and faecal
phosphate and/or calcium in normal rats on a
high-phosphate diet
We first compared the efficacy of VS-505 with that of
sevelamer (HCl or carbonate) in normal rats on a high-
Male SD rats on a high-Pi diet were treated with vehicle, VS-505 or
onate) in food (concentrations as indicated) for 5 days as described
day 5 after dosing), blood and urine samples were collected for Pi
was calculated for each group (n per group as described in the

-Pi food alone, n = 11; 1% vehicle, n = 5; sevelamer HCl at 0.2, 1, 5
, 6, 9, 6 respectively; and sevelamer carbonate at 0.04, 0.2 and 1%,
(D) Urinary Ca in 24 h. One-way ANOVA followed by Dunnett’s test
omparisons. #P < 0.05, ##P < 0.01, ###P < 0.001 versus pre-dosing.
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phosphate diet. After 5 days on a high-phosphate diet, serum
and urinary phosphate levels were significantly elevated in
untreated rats (Figure 1A, B) but were significantly lowered
in the groups treated with VS-505 and sevelamer (vs. the
untreated group). Sevelamer HCl (Renagel) and carbonate
(Renvela) did not show significant differences in the
parameters measured in this study, although it is known that
the two drugs behave differently with regard to metabolic ac-
idosis (Grinfeld et al., 2010). No significant changes in serum
and urinary phosphate levels were observed in the group
treated with vehicle alone. There was no change in serum
Ca in any treatment group compared with pre-dosing values
(Figure 1C). VS-505 at 5% had a modest effect on increasing
urinary Ca (a 65% increase vs. pre-dosing), whereas
sevelamer hydrochloride at 5% increased urinary Ca by 553%
(Figure 1D). Figure 2 shows that VS-505 increased faecal
phosphate levels in a dose-dependent manner, suggesting that
the polymer carried phosphate into faeces.
Effect of VS-505 on serum, urinary and faecal
phosphate and/or calcium in 5/6 NX rats on a
high-phosphate diet
VS-505 was then evaluated in a CKD animal model. Serum
BUN and creatinine levels were significantly increased in
5/6 NX rats at week 6 after surgery, indicating established
uraemia (Table 1); the results are similar to those seen in
our previous studies in 5/6 NX rats (Wu-Wong et al.,
2010a, 2011, 2013a,b). VS-505 or sevelamer carbonate
had no significant effects on serum BUN and/or creatinine
levels.

As shown in Figure 3A, B, a high-phosphate diet led to
a significant increase in urinary phosphate levels and a
modest increase in serum phosphate in sham and in 5/6
NX rats treated with vehicle; the observation made on
sham rats is consistent with that made in normal rats as
shown above. Elevated phosphate levels were observed at both
Figure 2
Faecal phosphate (Pi) in normal rats on a high-Pi diet. Male SD rats
were dosed with vehicle, VS-505 or sevelamer carbonate as de-
scribed in the ‘Methods’ section and in Figure 1. At two different
time points (pre-dosing and on day 5 after dosing), faeces samples
were collected for Pi determination as described in the ‘Methods’
section. Mean ± SEM was calculated for each group. The final num-
ber of rats per group was as described in Figure 1. One-way ANOVA
followed by Dunnett’s test with 95% confidence intervals of differ-
ence was performed for statistical comparisons. *P < 0.05,
***P < 0.001 versus high-Pi food alone.
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time points (at weeks 2 and 4 post-dosing). VS-505 or sevelamer
reduced serum phosphate; both binders also reduced urinary
phosphate in a dose-dependent manner at weeks 2 and 4
post-dosing.

Figure 3C, D shows that there was no significant differ-
ence in serum Ca across all groups. Interestingly, there was a
significant increase in urinary Ca in the group treated with
5% sevelamer for 4 weeks. No significant difference was
observed in faecal Ca across all groups (data not shown).

Figure 4 shows that a high-phosphate diet led to an
increase in faecal phosphate levels in sham rats and in NX
rats treated with vehicle, which was observed at weeks 2 and
4 post-dosing. VS-505 or sevelamer further increased faecal
phosphate in a dose-dependentmanner. These results suggest
that both polymers carried phosphate into faeces.

Judging from the serumBUNand creatinine values (Table 1),
VS-505 and sevelamer carbonate did not significantly affect re-
nal function, which was confirmed by the evaluation of urinary
protein (Figure 5).

Effect of VS-505 on serum FGF-23 and PTH in
5/6 NX rats on a high-phosphate diet
As shown in Figure 6, serum FGF-23 and PTH levels were
significantly elevated in 5/6 NX rats, which were further
elevated by the high-phosphate diet. VS-505 or sevelamer
at 5% effectively prevented the further elevation in serum
FGF-23 and PTH levels induced by the high-phosphate
diet.

GI parameters in 5/6 NX rats
In an effort to investigate the effect of phosphate binders on
intestinal physiology, H–E staining of intestinal samples was
conducted to evaluate intestinal integrity. No significant dif-
ference across the different treatment groups was observed
(data not shown). Furthermore, no significant changes in
food consumption (measured every other day) were observed
across different groups (data not shown).

To study further the effects of VS-505 and sevelamer on
intestinal physiology, we examined the expression of three
genes involved in intestinal Ca and phosphate absorption.
No significant differences were observed across the different
groups in the gene expression of intestinal Calb3 (the gene
encoding calbindin D9K) and TRPV6 (the gene encoding
CaT1 and ECaC2) that are involved in intestinal Ca transport
(data not shown). Previously, we have reported that vitamin
D analogues such as calcitriol and paricalcitol induce the ex-
pression of Calb3 and TRPV6 (Nakane et al., 2007; Wu-Wong
et al., 2013b). There was also no significant difference across
different groups in the intestinal type II sodium-dependent
phosphate cotransporter (NPT2b) gene expression (data not
shown).

Aorta calcification in 5/6 NX rats
To investigate the effect of VS-505 on vascular calcification in
the CKD rat model, aorta samples were randomly taken from
each 5/6 NX group and stained for calcification. Two repre-
sentative samples of the aortic cross-sectional area are shown
in Figure 7A: the top one (0%) exhibited no positive staining
(i.e. no brown staining in the whole section), and the bottom
one (~50%) exhibited ~50% positive staining (i.e. ~50% of



Table 1
Serum BUN and creatinine in 5/6 nephrectomized uremic rats

Serum BUN (mg·L�1) Serum creatinine (mg·L�1)

Parameters Pre-dosing Week 2 Week 4 Pre-dosing Week 2 Week 4

Sham 198.4 ± 9.6 178.2 ± 7.1 195.8 ± 7.9 3.7 ± 0.2 4.1 ± 0.6 3.5 ± 0.1

NX-1% vehicle 374.3 ± 26.0# 386.1 ± 30.3# 416.8 ± 50.3* 8.5 ± 1.1* 10.6 ± 1.0* 9.3 ± 1.5*

NX-5% vehicle 333.2 ± 28.9# 299.3 ± 21.3 298.1 ± 43.7 10.4 ± 0.9* 7.4 ± 0.7# 9.9 ± 0.5*

0.2% Renvela 415.7 ± 30.2* 438.9 ± 47.9* 428.4 ± 66.7* 7.7 ± 1.1# 7.8 ± 0.5# 8.5 ± 1.8*

1% Renvela 485.0 ± 19.9* 424.3 ± 14.9* 498.9 ± 28.8* 7.7 ± 0.4* 8.5 ± 0.2* 9.1 ± 1.0*

5% Renvela 413.8 ± 16.8* 388.7 ± 22.7* 407.5 ± 32.4* 9.4 ± 0.3* 10.3 ± 0.4* 10.2 ± 1.3*

0.2% VS-505 336.9 ± 32.0† 317.0 ± 30.9 336.0 ± 22.4 8.4 ± 0.5* 9.1 ± 0.6* 10.3 ± 1.0*

1% VS-505 356.9 ± 16.7† 371.8 ± 20.9# 365.1 ± 23.4† 8.8 ± 0.6* 9.9 ± 0.6* 10.5 ± 0.8*

5% VS-505 340.0 ± 22.0# 358.6 ± 28.2# 364.2 ± 44.0# 10.6 ± 0.5* 8.6 ± 0.7* 9.7 ± 0.3*

Note: Pre-dosing: week 6 after surgery. Week 2: week 8 after surgery with 2 weeks of dosing. Week 4: week 10 after surgery with 4 weeks of dosing. Sham
rats were on a high-Pi diet with no addition of vehicle or binders. Data are shown as mean ± SEM. The final number of rats per group was as follows:
sham, n = 9; 1% vehicle, n = 6; 5% vehicle, n = 9; sevelamer carbonate at 0.2, 1 and 5%, n = 7, 7, 8 respectively; and VS-505 at 0.2, 1 and 5%, n = 8, 7, 13
respectively. One-way ANOVA followed by Dunnett’s test with 95% confidence intervals of difference was performed for statistical comparisons.
*P < 0.001. #P < 0.01. †P < 0.05 versus sham, pre-dosing.

Figure 3
Serum and urinary phosphate (Pi) and Ca in 5/6 NX rats on a high-Pi diet. NX rats were treated with vehicle (Veh, at 1 or 5%), VS-505 or sevelamer
carbonate (concentrations at 0.2, 1 or 5%) in food for 4 weeks. Sham rats on high-Pi diet with no addition of Veh or binders served as control. At
three different time points (pre-dosing, at week 2 post-dosing and at week 4 post-dosing), blood and urine samples were collected for Pi or Ca
determination as described in the ‘Methods’ section. Mean ± SEM was calculated for each group (n per group as described in the ‘Methods’
section). The final number of rats per group is shown in Table 1. (A) Serum Pi. (B) Urinary Pi in 24 h. (C) Serum Ca. (D) Urinary Ca in 24 h.
One-way ANOVA followed by Dunnett’s test with 95% confidence intervals of difference was performed for statistical comparisons. *P < 0.05,
***P < 0.001 versus pre-dosing, the same group. #P < 0.05, ##P < 0.01, ###P < 0.001 versus sham, the same time point. Open bar: pre-dosing.
Solid bar: week 2 post-dosing. Pattern bar: week 4 post-dosing.
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the section showing brown staining). The percentage of pos-
itive staining assessed for each treatment group was averaged
and summarized in Figure 7B. There was no significant
difference between the sham, NX treated with 5% vehicle,
or NX treated with 5% VS-505 groups. A significant increase
in positive staining was observed in the 5% sevelamer group.
British Journal of Pharmacology (2016) 173 2278–2289 2283



Figure 4
Faecal Pi in 5/6 NX rats on a high-Pi diet. NX rats were treated with
vehicle (Veh), VS-505 or sevelamer carbonate in food for 4 weeks
as described in the ‘Methods’ section and in Figure 3. Sham rats on
high-Pi diet with no addition of Veh or binders served as control. At
three different time points (pre-dosing, at week 2 post-dosing and
at week 4 post-dosing), feces samples were collected for Pi determi-
nation as described in the ‘Methods’ section. Mean ± SEMwas calcu-
lated for each group. The final number of rats per group was as
presented in Table 1. One-way ANOVA followed by Dunnett’s test
with 95% confidence intervals of difference was performed for statis-
tical comparisons. *P < 0.05, **P < 0.01, ***P < 0.001 versus pre-
dosing, the same group. #P < 0.05, ##P < 0.01, ###P < 0.001 versus
sham, the same time point. Open bar: pre-dosing, the same group.
Solid bar: week 2 post-dosing. Pattern bar: week 4 post-dosing.

Figure 5
Urinary protein in 5/6 NX rats. NX rats were treated as described in
Figure 3. Urine samples were collected for protein determination as
described in the ‘Methods’ section. Mean ± SEM was calculated for
each group. The final number of rats per group was as presented in
Table 1. Differences among pre-dosing, week 2 and week 4 groups
were assessed using a one-way ANOVA followed by a Dunnett’s post
hoc test. **P < 0.01 versus pre-dosing. Open bar: pre-dosing. Solid
bar: week 2 post-dosing. Pattern bar: week 4 post-dosing.
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In vitro characterization
The phosphate binding capacity of VS-505 was then deter-
mined in vitro. Figure 8A shows that VS-505 binds phosphate
within a wide physiologically relevant range of pH. Sevelamer
(hydrochloride or bicarbonate) was tested using the same
experimental conditions, and all determinations at different
initial values of pH ended up within a range of pH of 6–8
(data not shown), indicating that formulated sevelamer is
heavily buffered. Although we were unable to obtain
sevelamer that is not formulated/buffered for direct
2284 British Journal of Pharmacology (2016) 173 2278–2289
comparison studies, a previous publication on sevelamer
hydrochloride (Rosenbaum et al., 1997) reported that
the optimal binding condition for sevelamer hydrochloride
is at pH 7.0. Figure 8B shows that VS-505 binds
phosphate with an estimated maximal binding capacity
(Bmax) of 2.5 mmol·g�1 and a KD of 56 mM (vs. sevelamer
carbonate with a Bmax of 2.7 mmol·g�1 and a KD of 74 mM).

As mentioned above, the large pill burden associated with
some phosphate binders is one factor contributing to rela-
tively low compliance in CKD patients (Chiu et al., 2009;
Wang et al., 2014). In general, a substance with a higher
density will probably have a smaller size. When comparing
VS-505 with sevelamer, the density of the dry
compressed powder was determined by a helium pycnometer
to be 1.91 g·cm�3 for VS-505 and 1.27 g·cm�3 for sevelamer
carbonate, suggesting that, with the same mass (dose),
VS-505 is likely to have a significantly smaller pill size.

GI discomfort for some phosphate binders is another fac-
tor contributing to patient compliance issues. Unfortunately,
data on food consumption and intestinal physiology from
the current 5/6 NX rat studies did not provide information
on this particular issue. Because the expansion volume of a
non-absorbable phosphate binder after exposure to gastric
fluid may contribute to significant GI side effects (Chiu
et al., 2009; Ito et al., 2014; Wang et al., 2014), the expansion
volume of VS-505 versus sevelamer was compared in vitro.
When VS-505 or sevelamer carbonate was incubated with
5 mL of simulated gastric fluid at 37°C, the expanded volume
at 20 min was ~0.2 cm3 for 0.1 g of VS-505 versus 4 cm3 for
0.1 g of sevelamer, and the expanded volume remained the
same after 5 h of incubation. A representative picture of VS-
505 versus sevelamer following exposure to simulated gastric
fluid for 5 h is shown in Figure 8C. These data clearly show
that the expansion volume of VS-505 is ~20-fold less than
that of sevelamer.
Discussion
The results of the present study show that VS-505, a novel,
non-absorbable phosphate binder derived from a natural
plant-based polymer, is highly potent at binding phosphate
in the GI tract and in carrying phosphate into faeces. In vitro
characterization shows that the phosphate binding capacity
of VS-505 is similar to that of sevelamer (HCl or carbonate).
However, whereas sevelamer (HCl) functions optimally at
neutral pH (Rosenbaum et al., 1997), VS-505 binds phosphate
within a wide range of physiologically relevant pH, which
may explain why VS-505 is slightly more efficacious in
carrying phosphate into the faeces in 5/6 NX rats (as shown
in Figure 4).

A serious concern associated with some phosphate
binders to provide effective control of phosphate imbalance
in CKD patients is related to their low patient compliance,
which is probably caused by large pill size/number as well as
GI discomfort (Chiu et al., 2009; Waheed et al., 2013; Ito
et al., 2014; Wang et al., 2014). Compared with sevelamer
(HCl or carbonate), VS-505 has a significantly higher density,
suggesting its potential for being of reduced pill size/number.
Furthermore, VS-505 has a significantly lower volume of ex-
pansion when it is exposed to simulated gastric fluid. In the



Figure 6
Serum PTH and FGF-23 in 5/6 NX rats on a high-Pi diet. NX rats were treated with vehicle (Veh), VS-505 or sevelamer carbonate (5% in food) for
4 weeks as described in the ‘Methods’ section and in Figure 3. Sham rats on a high-Pi diet with no addition of Veh or binders served as control.
Serum samples were collected for PTH and FGF-23 determination as described in the ‘Methods’ section. Mean ± SEM was calculated for each
group. The final number of rats per group was as described in Table 1. (A) Serum FGF-23. (B) Serum PTH. Statistical comparisons between two
groups were performed by unpaired t-test with 95% confidence intervals of difference. #P < 0.05, ##P < 0.01 versus pre-dosing, the same group.
*P < 0.05, **P < 0.01, ***P < 0.001 versus sham, pre-dosing. Open bar: pre-dosing. Solid bar: week 4 post-dosing.
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GI system, foods undergo major particle size reduction
starting from chewing in the mouth to transit through the
stomach for further processing (Kong and Singh, 2008). The
secretion of gastric juice and stomach contraction are essen-
tial for mixing and homogenizing food in order to transform
it into small particles of 1–2 mm in size (Kong and Singh,
2008). For phosphate binders that are not digestible, volume
expansion in the GI tract is thought to be associated with GI
intolerability (Ito et al., 2014). Therefore, the unique attri-
butes of VS-505, such as high density and low expansion vol-
ume, may serve as the basis to potentially improve patient
compliance and thus provide for more effective management
of phosphate imbalance.

Hyperphosphataemia in CKD is known to contribute to
progressive vascular calcification and increase cardiovascu-
lar complications (Latif et al., 2013). Non-Ca-containing
phosphate binders have been shown to be associated with
a beneficial effect on vascular calcification progression in
both preclinical and clinical studies (Frazao and Adragao,
2008; Raggi et al., 2010; Iida et al., 2013; Phan et al.,
2013). However, Block et al. (2012) reported that the phos-
phate binders currently used in clinical settings, sevelamer
included, can potentially cause an increase in vascular cal-
cification. The same report (Block et al., 2012) also hinted
that worsened vascular calcification may actually be a
‘class effect’ for phosphate binders. This subject is contro-
versial, and more studies will be needed to provide some
clarifications. For this reason, we investigated whether
VS-505 would affect vascular calcification. The results
suggest that a propensity to increase vascular calcification
may not necessarily be a ‘class effect’ associated with all
phosphate binders because VS-505 did not show any sig-
nificant effect on aorta calcification. Although it was not
the focus of the current study to investigate the mecha-
nism of action for vascular calcification associated with
sevelamer, a possible explanation may be found in the
observations on urinary Ca in normal and 5/6 NX rats;
sevelamer seems to interfere with Ca homeostasis, which
may ultimately contribute to increased vascular calcifica-
tion. The observations are consistent with those previously
reported by Behets et al. (2014) that sevelamer increases
serum and urinary Ca more than lanthanum, especially
in normal rats.

Data from this study show that serum FGF-23, a phospho-
rus regulating factor (Wolf, 2010), was higher in the 5/6 NX
rats than in sham rats and was further elevated by the high-
phosphate diet; both sevelamer carbonate and VS-505
prevented the effect of the high-phosphate diet on FGF-23.
These results are consistent with clinical observations re-
ported for patients with CKD that phosphate binders prevent
the increase in FGF-23 (Gupta et al., 2004; Martin and
Gonzalez, 2011; Karczmarewicz et al., 2012). Although both
sevelamer carbonate and VS-505 prevented any further
increase in serum FGF-23, only sevelamer appeared to exacer-
bate aortic calcification. The existence of a direct link
between FGF-23 and vascular calcification is an issue that is
still being debated (Masai et al., 2013; Moldovan et al., 2013;
Ozkok et al., 2013). Our results suggest that, under the
conditions in this study, vascular calcification may occur
independently of serum FGF-23 levels.

Serum PTH was significantly higher in the 5/6 NX rats,
and it also became progressively more elevated when rats
were fed the high-phosphate diet, an effect prevented by both
sevelamer carbonate and VS-505. VS-505 seems to exhibit a
larger (but not statistically significant) effect on serum PTH
than sevelamer. Sevelamer HCl has been shown to reduce
serum PTH in an earlier study (Chertow et al., 1999), but a
recent meta-analysis study by Liu et al. (2014) reported that
patients treated with non-Ca-based phosphate binders
(NCPB) including sevelamer exhibit significantly lower
serum Ca levels and higher iPTH levels than those treated
with Ca-based Pi binders. Furthermore, the osteoid volume
and osteoblast numbers were significantly higher in the
NCPB group (Liu et al., 2014). Because serum phosphorus,
Ca and PTH play important roles in bone remodelling,
additional studies are needed to further investigate the effects
of VS-505 on the bone.

NPT2b is known to play a key role in phosphate
absorption and homeostasis (Sabbagh et al., 2009). It was
previously shown that an adaptive increase in NaPi-2b
British Journal of Pharmacology (2016) 173 2278–2289 2285



Figure 7
Aorta calcification determination in 5/6 NX rats on a high-Pi diet. NX rats were treated with 5% vehicle, 5% sevelamer carbonate or 5% VS-505 in
food for 4 weeks as described above. Sham rats on a high-Pi diet with no addition of vehicle or binders served as control. Aorta was collected and
processed as described in the ‘Methods’ section (1–4 aorta rings per rat). The final number of rats per group was as described in Table 1. (A) Two
representative samples of stained aortic section: the top sample (0%) with no positive staining (i.e. no brown staining in the whole section) and
the bottom one (~50%) with ~50% positive staining (i.e. ~50% of the section showing brown staining). The right panel displays the whole aorta
section; the left panel shows an enlarged area of part of the aorta section. Arrow: indicating the positive (brown) staining. (B) Positive (brown)
staining in each aorta section was scored as described in the ‘Methods’ section. The average percentage of positive staining for each treatment
group was first calculated and then normalized by sham (with an average scored value at 10.3 ± 3.5 mainly due to background) and expressed
as % of sham. Mean ± SEM was calculated for each group. Statistical comparisons between two groups were performed by unpaired t-test with
95% confidence intervals of difference. *P < 0.05 versus sham. #P < 0.05 versus sevelamer.
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expression occurs in the duodenum as a response to an
acute switch from a low-to-high phosphate diet (Giral
et al., 2009). It seems that a change in the phosphate
concentrations in the GI tract may potentially impact the
expression of NaPi-2b. The implication is that long-term
usage of phosphate binders in CKD patients can poten-
tially alter GI physiology and/or NPT2b gene expression.
Block et al. (2012) also discussed this issue in their paper,
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stating that ‘if phosphate binders were to upregulate
expression of intestinal NPT2b and enhance paracellular
transport, the efficacy of binders could be limited,
particularly after missed doses’. Results from the current
study suggest that administration of VS-505 or sevelamer
carbonate in food for 1 month in 5/6 NX rats had no sig-
nificant effects on small intestinal NPT2b gene expression
and intestinal histomorphology in general, which seems



Figure 8
In vitro studies. (A) VS-505 at 0.1 gwas incubatedwith 10mLof a 100mMPi solution (6.85mLof 85%phosphoric acid, 3.18 g of sodium carbonate and
4.68 g of NaCl in 1 L of water) at 37°C at different values of pH (as indicated) for 24 h. The samples were processed for Pi determination as described in
the ‘Methods’ section. Each point was triplicated, and the graph is representative of three independent experiments. (B) VS-505 or sevelamer carbonate
at 0.1 gwas incubatedwith 10mL of a Pi solution containing different concentrations of Pi (different amounts of 85%phosphoric acid, 3.18 g of sodium
carbonate and 4.68 g of NaCl in 1 L of water) at neutral pH for 24 h at 37°C. Each point was triplicated, and the graph is representative of two indepen-
dent experiments. (C) VS-505 or sevelamer carbonate at 0.1 g (dry powder, time 0) was incubated with 5 mL of simulated gastric fluid [0.2% (w v-1)
NaCls, 0.7% (v v-1) HCl, without pepsin] at 37°C for 5 h. The picture is representative of three independent experiments.

VS-505 as a novel, effective phosphate binder BJP
to support the current practice of long-term usage of phos-
phate binders (Raggi et al., 2010).

In summary, the current preclinical report shows that VS-
505 is effective in binding phosphate in the GI tract and in
carrying phosphate into faeces. Moreover, its effect is accom-
plished with a potentially reduced pill burden and minimal
volume expansion in the GI tract. Clinical studies in
haemodialysis patients are ongoing in Australia to confirm
the potential of VS-505 to treat phosphate imbalance and to
improve long-term patient outcomes.
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