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A B S T R A C T

Introduction. Sucroferric oxyhydroxide (PA21) is an effica-
cious, well-tolerated iron-based phosphate binder and a prom-
ising alternative to existing compounds. We compared the
effects of PA21 with those of a conventional phosphate binder
on renal function, mineral homeostasis and vascular calcifica-
tion in a chronic kidney disease–mineral and bone disorder
(CKD-MBD) rat model.
Methods. To induce stable renal failure, rats were administered
a 0.25% adenine diet for 8 weeks. Concomitantly, rats were
treated with vehicle, 2.5 g/kg/day PA21, 5.0 g/kg/day PA21 or
3.0 g/kg/day calcium carbonate (CaCO3). Renal function and
calcium/phosphorus/iron metabolism were evaluated during
the study course. Renal fibrosis, inflammation, vascular calcifi-
cations and bone histomorphometry were quantified.
Results. Rats treated with 2.5 or 5.0 g/kg/day PA21 showed sig-
nificantly lower serum creatinine and phosphorus and higher
ionized calcium levels after 8 weeks of treatment compared with
vehicle-treated rats. The better preserved renal function with
PA21 went along with less severe anaemia, which was not ob-
served with CaCO3. Both PA21 doses, in contrast to CaCO3,
prevented a dramatic increase in fibroblast growth factor
(FGF)-23 and significantly reduced the vascular calcium con-
tent while both compounds ameliorated CKD-related hyper-
parathyroid bone.
Conclusions. PA21 treatment prevented an increase in serum
FGF-23 and had, aside from its phosphate-lowering capacity, a
beneficial impact on renal function decline (as assessed by the
renal creatinine clearance) and related disorders. The protective
effect of this iron-based phosphate binder on the kidney in rats,
together with its low pill burden in humans, led us to investigate
its use in patients with impaired renal function not yet on
dialysis.

Keywords: chronic kidney disease, FGF-23, iron, phosphate
binding, vascular calcification

I N T R O D U C T I O N

In patients with prolonged, progressive renal impairment, cal-
cium, phosphorus, parathyroid hormone (PTH) and fibroblast
growth factor (FGF)-23 are dysregulated, which ultimately
leads to ectopic calcification in the arteries and bone abnormali-
ties. These complications cover a broader syndrome defined as
chronic kidney disease–mineral and bone disorder (CKD-
MBD). In addition, these patients have iron deficiency, caused
by impaired gastrointestinal iron absorption, blood losses and
decreased iron release from body stores, which, along with less
renal erythropoietin (EPO) production, results in anaemia [1].

Elevated serum phosphorus concentration and calcium �
phosphorus product are identified as important risk factors for
cardiovascular mortality in patients with end-stage renal disease
[2–4]. To normalize serum phosphorus levels and prevent min-
eral disturbances dialysis patients are routinely treated with
phosphate binders. Observational clinical studies have demon-
strated that targeting hyperphosphataemia leads to improved
survival in dialysis patients [5, 6]. Calcium carbonate (CaCO3)
and calcium acetate have been extensively used to reduce die-
tary phosphate absorption, but their use is restricted in CKD
patients with hyperkalaemia and low circulating PTH levels,
because of the increased risk for adynamic bone disease and
vascular calcification. Alternative non-calcium-containing
agents such as sevelamer and lanthanum carbonate show an
equally efficient capacity to lower serum phosphate as com-
pared with calcium-containing phosphate binders. Clinical/pre-
clinical studies suggest that treatment with non-calcium-
containing phosphate binders might be preferred because of a
lower vascular calcification progression rate [7–11] and conse-
quently a survival benefit [12, 13].

Sucroferric oxyhydroxide (PA21) is a novel iron-based
phosphate binder and promising alternative to existing com-
pounds. Clinical trials have shown that PA21 is well-tolerated
and efficacious in lowering serum phosphorus in dialysis

VC The Author(s) 2020. Published by Oxford University Press on behalf of ERA-EDTA.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial
re-use, please contact journals.permissions@oup.com 1689

O
R

IG
IN

A
L

A
R

T
IC

LE



patients, requiring a lower pill burden and hence better adher-
ence compared with concurrent compounds, without evi-
dence of iron accumulation [14, 15]. To investigate the effect
of PA21 on the various aspects of the CKD-MBD syndrome,
we compared the impacts of PA21 with those of CaCO3 treat-
ment on renal function, iron and mineral metabolism, vascu-
lar calcification and bone status in an established rat model
with adenine-induced CKD-MBD [16].

M A T E R I A L S A N D M E T H O D S

Study design

Experimental procedures were conducted according to the
National Institutes of Health Guide for the Care and Use of

Laboratory Animals 85-23 (1996) and approved by the
University of Antwerp Ethics Committee (2017-73). Animals
were housed two per cage with free water and food access.
Renal failure was induced in 64 male Wistar rats (225–
250 g) by administration of an adenine-enriched diet with
low vitamin K content [0.25% adenine, 0.2 mg/kg vitamin K,
1% calcium (Ca), 1% phosphorus (P), 1 IU/g vitamin D,
160 mg iron (Fe)/kg and 6% protein; ssniff Spezialdiäten,
Soest, Germany] during 8 weeks, as described earlier [16].
Before the start of the study, animals were randomly
assigned to four treatment groups: vehicle (n¼ 16), 5.0 g/kg/
day (corresponding to 5% in the diet) PA21 (n¼ 16), 2.5 g/
kg/day PA21 (n¼ 16) and 3.0 g/kg/day (corresponding to 3%
in the diet) CaCO3 (n¼ 16). The 3.0 g/kg/day CaCO3 and
5.0 g/kg/day PA21 doses are considered equivalent in terms
of active pharmaceutical moiety; 5 g/kg PA21 corresponds to
1 g Fe/kg and 3 g/kg CaCO3 corresponds to 1.2 g Ca/kg, in
accordance with a previous study [17]. Animals were daily
treated with vehicle (1% carboxymethylcellulose), 2.5 or
5.0 g/kg PA21 or 3.0 g/kg CaCO3 from the start of renal
failure induction until the end of the study (8 weeks) by oral
gavage. To achieve optimal phosphate binding, animals were
gavaged with half of the indicated dose twice a day (during
weekends they were treated with the indicated dose once a
day). To enable dynamic bone parameter measurement, tet-
racycline (30 mg/kg) and demeclocycline (25 mg/kg) were ad-
ministrated intravenously, 7 and 3 days before sacrifice,
respectively. Before the induction of renal failure and every
2 weeks thereafter, animals were housed for 24 h in metabolic
cages to collect urine samples, followed by blood sampling
via the tail vein in a restrained, conscious condition. Ionized
calcium, haematocrit and haemoglobin were measured in
whole blood using the i-STAT 1 point of care analyser
(Abbott, Berkshire, UK). After 8 weeks, animals were sacri-
ficed by exsanguination through the retro-orbital plexus after
anaesthesia through intraperitoneal administration of 60 mg/
kg sodium pentobarbital (Nembutal, Ceva Santé Animale,
Libourne, France).

Biochemistry

Creatinine was measured in serum/urine samples with the
Jaffe method. Total serum/urine phosphorus levels were ana-
lysed with the Ecoline S Phosphate kit (Diasys, Holzheim,
Germany) and serum/urinary calcium levels were determined
with flame atomic absorption spectrometry (FAAS; Perkin-
Elmer, Wellesley, MA, USA). Serum non-haem iron was mea-
sured by electrothermal atomic absorption spectrometry
(ETAAS) after pre-treatment with hydrochloric acid (HCl)/
trichloric acid [18]. Quality checks of this method included the
acquiriing of the same results in haemolysed and non-
haemolysed serum samples.

Serum intact PTH (Immutopics, San Clemente, CA, USA),
(intact) FGF-23 (Kainos, Tokyo, Japan), 1,25-dihyrdoxyvitamin
D [1,25(OH)2D; Cusabio, Houston, TX, USA], hepcidin
(Cusabio) and ferritin (Kamiya Biomedical, Seattle, WA, USA)
were measured using commercially available enzyme-linked

KEY LEARNING POINTS

What is already known about this subject?

• Iron-based phosphate binding is a relatively new
treatment strategy to prevent hyperphosphataemia in
chronic kidney disease (CKD) patients.

• Sucroferric oxyhydroxide (PA21) is an efficacious,
well-tolerated, iron-based phosphate binder in this
population.

• This study was initiated to investigate whether PA21,
apart from its phosphate-binding capacity, might ex-
ert other not yet investigated/revealed beneficial
effects in CKD.

What this study adds?

• In a rat model of CKD–mineral and bone disorder,
PA21 treatment, in addition to efficient phosphate
binding, resulted in better preserved renal function,
haematocrit and iron homeostasis, compared with ve-
hicle and conventional (CaCO3) treatment.

• Both PA21 and CaCO3 ameliorated the CKD-related
hyperparathyroid bone.

• PA21, in contrast to CaCO3, prevented a dramatic in-
crease in fibroblast growth factor (FGF)-23 and sig-
nificantly reduced the vascular calcium content.

What impact this may have on practice or policy?

• PA21 should be considered an effective and safe
treatment for CKD-MBD-related hyperphosphatae-
mia, with a beneficial impact on renal function.

• Since high circulating FGF-23 levels have been di-
rectly associated with cardiovascular events and mor-
tality in haemodialysis patients and further investiga-
tion on the remarkable PA-21 induced reduction of
circulating FGF-23 is of particular interest.

• The results of this study point to a potential benefi-
cial impact of PA21 on clinical care in CKD patients
not yet on dialysis and demonstrate the necessity for
further clinical investigation of the compound in this
population.
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immunosorbent assay kits. Serum alkaline phosphatase was
measured by an auto-analyser at Antwerp University Hospital.

Iron measurement in liver and spleen

After weighing, parts of the liver/spleen were homogenized
in HCl/trichloric acid. Subsequently the tissue homogenate was
incubated 1.5 h at 95�C and centrifuged [10 min; 8200 rcf (10
000 g)]. Iron was measured by Zeeman-corrected ETAAS
(Perkin Elmer) in the supernatant [18]. Liver and spleen iron
concentrations are expressed per gram of wet weighed tissue.
As a quality check, blood was added to tissue lysates, after which
no increase in iron levels was seen.

Quantification of ectopic calcification

Ectopic calcification was quantified by measurement of total
calcium content in the proximal abdominal aorta, the left ca-
rotid and femoral arteries and a transverse kidney slice. After
digestion in 65% nitric acid(60�C, 6 h), the total calcium con-
tent was measured by FAAS. The calcium concentration is
expressed per gram of wet weighed tissue.

Bone histomorphometry

After fixation in 70% ethanol overnight, the left tibia was
processed for quantitative histomorphometric analysis [19] and
dehydrated and embedded in 100% methyl methacrylate. Five-
micrometre sections were Goldner stained for visualization/
measurement of total bone area, mineralized bone area, osteoid
area/width/perimeter, osteoblast perimeter, eroded perimeter,
osteoclast perimeter, trabecular thickness and trabecular dis-
tance using the Axiovision image software (version 4.5, Carl
Zeiss, Oberkochen, Germany). Ten-micrometre unstained tibial
sections were used to measure the distance between and length
of double tetracycline/demeclocycline labels by fluorescence mi-
croscopy. Dynamic bone parameters (bone formation rate, min-
eral apposition rate, adjusted apposition rate, mineralization lag
time and osteoid maturation time) were calculated according to
Dempster et al. [20].

Renal histological analysis

Immediately after isolation of the left kidney, a transverse
slice was fixed in neutral buffered formalin for 4 h, rinsed with
isopropanol and paraffin embedded.

Deparaffinized tissue sections (4mm) were stained with peri-
odic acid–Schiff/methyl green for morphological evaluation
and quantitation of the tubulointerstitial area. Four random
pictures (�200) of the renal cortex were obtained and tubuloin-
terstitial area was quantified histomorphometrically using Fiji
image analysis software [21].

Quantitative real-time polymerase chain reaction

Total messenger RNA (mRNA) of a snap-frozen section of
the left kidney was extracted using the RNeasy Fibrous Tissue
Mini Kit (Qiagen, Hilden, Germany) and reverse transcribed to
complementary DNA (cDNA) by the High Capacity cDNA
Archive Kit (Applied Biosystems, Foster City, CA, USA). Real-
time polymerase chain reaction (PCR) with a QuantStudio 3
Real-Time PCR System (Applied Biosystems) was used for

mRNA quantification. Taqmangene expression assays on
demand were purchased from Applied Biosystems. The expres-
sion of each gene was analysed in triplicate and normalized to
the expression of glyceraldehyde 3-phosphate dehydrogenase.
Gene expression was calculated with the comparative cycle
threshold method.

Statistics

Results are expressed as mean 6 standard error of the mean
(SEM) and as individual data per animal (to not overload
charts, individual data were provided for the data obtained at
sacrifice only). Non-parametric statistical analyses were per-
formed with Statistical Package for Social Sciences 24.0 (IBM,
Armonk, NY, USA). Differences between multiple time points
for each study group were determined by the Friedman test, fol-
lowed by a Wilcoxon signed-rank test. Comparisons between
the study groups for each time point were assessed using a
Kruskal–Wallis test, followed by a Mann–Witney U-test when
significant. Bonferroni correction was applied when appropri-
ate. P-values<0.05 were considered significant.

Reference values of healthy Wistar rats with normal renal
function (same age, gender and diet composition without ade-
nine supplementation) were used for hepatic non-haem iron,
ectopic calcifications, static/dynamic bone parameters and renal
mRNA expression. These values were obtained in spare samples
from recent studies performed in our laboratory. Samples had
been stored under appropriate conditions and analysis was
done concomitantly with sample analysis for this study.
Reference values were not included in the statistical analyses.

R E S U L T S

Mortality

Mortality was limited; only 4 (1 of 16 in each group) animals
(6.25%) died before planned sacrifice.

Renal function and anaemia

Adenine dosing resulted in severe, stable renal function de-
cline. Serum creatinine levels rose to 6-fold baseline values
(~4 mg/dL) in vehicle and CaCO3-treated animals (Figure 1A).
Remarkably, PA21 treatment, at either the low or high dose,
resulted in better preserved renal function (lower serum creati-
nine and higher creatinine clearance) from Week 4 onward,
reaching significance at the end of the study (Figure 1A and B).

Along with the renal function decline, haematocrit and haemo-
globin levels significantly decreased (Figure 1C and D). The better
preserved renal function of PA21-treated animals was reflected in
haematocrit and haemoglobin values, which compared with those
of vehicle and CaCO3, remained significantly higher.

Renal histology, inflammation, fibrosis and a-klotho
expression

PA21 treatment significantly reduced renal expression of tu-
mour necrosis factor (TNF)-a, interleukin (IL)-1b and trans-
forming growth factor (TGF)-b, while significantly better
preserved renal a-klotho expression. CaCO3 treatment signifi-
cantly reduced IL-1b expression (Figure 2A and B). Masson
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staining revealed the presence of excess extracellular matrix
(ECM) in the expanded tubular interstitium in kidneys treated
with adenine. Measurement of the tubulointerstitial area percent-
age showed that, despite a trend towards a lower tubulointerstitial
area in the PA21-treated groups (47.0 6 2.0 and 48.3 6 1.8 in the
high- and low-dose groups, respectively, versus 52.5 6 1.6 and
50.7 6 1.4 in the vehicle- and CaCO3-treated groups, respec-
tively), no significant differences were found.

Mineral homeostasis

Along with the development of renal function impairment,
rats developed hyperphosphataemia and hypocalcaemia
(Figure 3A and B). Compared with vehicle, PA21 and CaCO3

treatment prevented an increase in serum phosphorus levels
and a decrease in ionized calcium levels.

Serum total calcium levels were significantly higher in
PA21- and CaCO3-treated rats as compared with vehicle-
treated rats (Figure 3C), with the highest levels in CaCO3-
treated rats. PA21 and CaCO3 treatment significantly decreased
urinary phosphorus excretion (Figure 3D) as compared with
vehicle treatment. Together with lower serum phosphorus

levels, this indicates efficient intestinal phosphate binding,
which was as efficient as in the highest PA21 and the CaCO3

groups. Urinary calcium levels did not differ between vehicle-
and PA21-treated rats (Figure 3E). In contrast, CaCO3 treat-
ment significantly increased urinary calcium excretion, reflect-
ing increased calcium load in these animals.

Inherent to renal function decline, a significant increase in
serum PTH levels was seen in the vehicle group (Figure 3F).
Serum PTH values were significantly lower in all groups receiv-
ing phosphate-binding treatment, which were most pro-
nounced in the CaCO3 group (Figure 3F). As renal function
declined, FGF-23 levels dramatically increased in vehicle-
treated animals (Figure 3G), which was partially, but signifi-
cantly prevented in rats treated with both PA21 doses, in con-
trast to CaCO3, which could not control FGF-23 levels. Renal
insufficiency also led to decreased serum 1,25(OH)2D levels,
with no difference between study groups (Figure 3H).

Iron homeostasis

After 2 weeks of adenine supplementation to the diet, serum
hepcidin levels were significantly elevated, whereas serum iron
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was significantly decreased in all study groups compared with
baseline levels (Figure 4A and B). Eight-week CaCO3 treatment
resulted in significantly lower circulating hepcidin levels as com-
pared with vehicle treatment (Figure 4A). PA21 treatment signifi-
cantly increased circulating iron levels in rats (Figure 4B), after
2 weeks of treatment, compared with vehicles. Serum ferritin lev-
els (Figure 4C) increased with study duration in all groups and
tended to be higher in the highest PA21 dose group.

Compared with vehicle-treated animals, significantly higher
hepatic iron levels were seen in both PA21 groups (Figure 4D)
but not in the CaCO3 group. Hepatic iron levels of all rats with
impaired renal function were higher compared with hepatic
iron levels in rats with normal renal function (i.e. 0.15 6 0.3 mg/
g tissue). The iron content of the spleen was similar in the differ-
ent treatment groups (Figure 4E).

Ectopic calcification

Adenine-induced renal failure resulted in an increased cal-
cium content in the aorta, carotid and femoral arteries and the
kidney. Aortic renal calcium content was 1.75 6 1.33 and

0.50 6 0.14 mg/g of wet tissue in vehicle-treated rats with im-
paired renal function versus 0.13 6 0.03 and 0.08 6 0.01 mg/g
of wet tissue in rats with normal renal function. Treatment with
both PA21 doses significantly reduced the calcium concentra-
tion in the vessels/kidney (Figure 5A-D). CaCO3-treated rats
showed calcium concentrations in the vessels similar to those of
vehicle-treated rats, while renal calcium concentration was sig-
nificantly lower in CaCO3-treated versus vehicle-treated ani-
mals (Figure 5A-D).

Bone histomorphometry

To evaluate the effect of the different phosphate binders on
bone metabolism, static/dynamic bone parameters were deter-
mined (Table 1). Renal function impairment led to high bone
turnover disease, characterized by relatively high amounts of os-
teoid, osteoblast/osteoclast numbers and bone formation rates
(compared with reference values of normal renal function rats).

Static bone parameters revealed a trend towards decreased
bone area in the animals receiving phosphate binder versus ve-
hicle, mainly due to the significantly decreased mineralized
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bone area, as the amount of osteoid did not differ significantly
between treatment groups. These observations, together with
the decreased eroded/osteoblast perimeters, point towards nor-
malization of bone turnover, which is fully in line with the

significantly decreased bone formation rate in the phosphate
binder treatment groups. In the PA21 groups, the mineraliza-
tion lag time (time interval between osteoid deposition and
mineralization) and adjusted apposition rate (the rate at which
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osteoid is mineralized and in the absence of a mineralization de-
fect equals the osteoid apposition rate) do not significantly dif-
fer from the vehicles. In the CaCO3-treated animals, however,
the significantly decreased adjusted apposition rate in combina-
tion with a tendency towards an increased mineralization lag
time and osteoid maturation time (i.e. time interval between the
osteoid deposition and the initiation of mineralization) may
point towards less efficient mineralization. In the vehicle group,
the increased bone turnover was accompanied by the presence
of trace to severe bone marrow fibrosis, which was dramatically
reduced by phosphate binder treatment and closely relates to
the decreased bone formation rate (Figure 6).

After 8 weeks, rats receiving either PA21 or CaCO3 had
lower circulating alkaline phosphatase levels compared with
vehicles (Table 1), which is in line with the decreased number
of osteoblasts/bone formation rate.

D I S C U S S I O N

This study aimed to compare the effect of PA21 with CaCO3, a
conventional phosphate binder, on mineral and iron homeosta-
sis, ectopic/vascular calcification and bone turnover/mineraliza-
tion using an (adenine-induced) CKD-MBD rat model. This
model of continuous (0.25%) adenine administration closely

mimics the clinical situation as evidenced by severely impaired
renal function (assessed by renal creatinine clearance), hyper-
phosphataemia, hypocalcaemia, moderate–severe secondary
hyperparathyroidism, increased FGF-23, reduced 1,25(OH)2D
levels and mild ectopic calcification. Rats with impaired renal
function also developed anaemia (reduced haematocrit and
haemoglobin levels). Intriguingly, PA21 treatment, at either
high or low dose, partially protected against renal function de-
cline. Lower serum creatinine levels and higher creatinine clear-
ance in PA21-treated rats clearly show a beneficial impact on
renal function. In addition, we observed significantly less ex-
pression of renal inflammation/fibrosis markers in PA21-
treated rats and better preserved a-klotho expression compared
with vehicle-treated rats. The trend towards a decreased
tubulointerstitial area in PA21-treated rats suggests less cellular
infiltration/deposition of ECM in these animals. In contrast,
treatment with CaCO3 did not modulate renal impairment
throughout the study. In line with the better preserved renal
function, anaemia was less severe in PA21-treated rats com-
pared with rats receiving vehicle or CaCO3.

In support of our findings, Nemoto et al. [22] reported that
PA21 reduced glomerulosclerosis/tubulointerstitial injury as
well as renal inflammation/fibrosis in the remnant kidney rat
model, despite no effect on renal function . A beneficial renal ef-
fect was also reported with ferric citrate in this rat model.
Remnant kidney rats treated with ferric citrate had lower serum
creatinine and blood urea nitrogen levels, higher creatinine
clearance and haemoglobin levels, as well as higher serum iron
levels, as compared with vehicle-treated animals [23].
Furthermore, ferric citrate–treated rats showed less inflamma-
tion, oxidative stress and fibrosis and higher iron levels in the
remnant kidney, less cardiac hypertrophy and fibrosis and a
more beneficial gut microbiome compared with vehicle-treated
rats [23–25]. This, together with our current findings, using a
model with different renal disease characteristics, is of particu-
lar interest, as the potential protective effect of iron-based phos-
phate binders on the kidneys of patients with impaired renal
function but not yet on dialysis needs to be investigated.

Reduced serum/urinary phosphorus concentrations and in-
creased serum ionized calcium levels point towards efficient
phosphate binding of PA21 and CaCO3. Both doses of PA21 as

Table 1. Static and dynamic bone parameters and serum alkaline phosphatase values of CKD rats treated with either vehicle, PA21 or CaCO3.

Parameters NRF CKDþ vehicle CKDþPA21 5 g/kg CKDþPA21 2.5 g/kg CKDþCaCO3 3 g/kg

Bone area/tissue area (%) 23.5 6 1.5 28.0 6 3.6 16.9 6 1.9 17.6 6 2.5 22.7 6 2.0
Mineralized area/tissue area (%) 23.4 6 1.5 26.6 6 3.4 16.2 6 1.8* 16.6 6 2.3* 21.2 6 1.8*
Osteoid area/bone area (%) 0.65 6 0.28 4.8 6 0.4 4.2 6 0.7 5.3 6 1.1 6.1 6 1.5
Eroded perimeter/total perimeter (%) 12.7 6 1.2 20.9 6 1.7 10.2 6 0.8* 13.7 6 1.2* 8.3 6 1.2*
Osteoblast perimeter/osteoid perimeter (%) 20.1 6 8.8 80.6 6 1.6 59.7 6 4.5* 63.7 6 4.1* 53.95 6 4.0*
Osteoclast perimeter/eroded perimeter (%) 5.0 6 1.8 32.2 6 1.8 31.0 6 1.5 31.6 6 1.8 31.9 6 1.4
Bone formation rate (mm2/mm2/day) 1436 6 112 6554 6 787 3042 6 496* 3853 6 634* 2721 6 457*
Mineralization lag time (days) 0.74 6 0.21 2.0 6 0.2 2.5 6 0.6 2.2 6 0.3 19.0 6 11.8
Adjusted apposition rate (mm/day) 11.9 6 4.1 3.3 6 0.2 2.9 6 0.4 2.6 6 0.2 2.0 6 0.4*
Osteoid maturation time (days) 2.1 6 0.4 1.0 6 0.1 1.3 6 0.1* 1.1 6 0.1 1.9 6 0.41
Serum alkaline phosphatase levels (U/L) ND 90.3 6 4.9 66.7 6 2.4* 70.0 6 4.4* 72.0 6 3.9*

Results are expressed as mean 6 SEM.
*P< 0.05 versus vehicle.
NRF, normal renal function; ND, not determined.
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well as CaCO3 in particular also strongly inhibited the pro-
nounced rise in PTH levels. Of particular interest, the highest
and to a lesser extent the lowest PA21 dose also significantly pre-
vented the dramatic FGF-23 increase, whereas CaCO3 did not.

The mechanisms by which iron-based phosphate binders
may halt renal function decline remain speculative. Do small
increases in iron absorption directly protect against renal
damage or does an inhibitory effect on FGF-23 production in-
directly exert a protective effect on the kidney? Recent studies
have shown that excessive FGF-23 in CKD patients might af-
fect different organs, among which is the kidney [26]. FGF-23
has been shown to augment pro-fibrotic signalling in injury-
primed renal fibroblasts [27] and to promote renal interstitial
fibrosis in unilateral ureteral obstruction [28]. Hence PA21,
by inhibiting the increase in FGF-23 levels, might retard the
development/progression of renal fibrosis, resulting in better
conserved kidney function. Further studies are required to un-
ravel underlying mechanisms and (multiple) pathways by
which PA21 treatment modulates renal function. Renal a-klo-
tho expression was better preserved in the PA21-treated (com-
pared with vehicle and CaCO3) rats, which strongly suggests
that the beneficial effect of PA21 on FGF-23, at least partially,
occurred indirectly via the more preserved renal function.
Evidence for a possible direct effect deserves further investiga-
tion. In this context, results from a recent study evaluating the
efficacy of PA21 in haemodialysis patients are of interest since
they also reported a decreased serum FGF-23 level and im-
proved anaemia [29]. Likewise, ferric citrate treatment re-
duced circulating FGF-23 and improved EPO responsiveness
in haemodialysis patients [30]. In line with our findings, ex-
perimental studies of Phan et al. [17, 31] also revealed a de-
cline in FGF-23 levels in PA21-treated adenine rats, while no
effect was seen for other phosphate binders. In this context, it
is worth mentioning that serum FGF-23 and iron levels are
strongly linked [32]. Low serum iron levels caused by inflam-
mation and the concomitant high hepcidin levels are associ-
ated with high circulating FGF-23 levels [32]. As such, the
strong effect of PA21 on FGF-23 may possibly be explained
by increased iron availability in the PA21-treated rats, which
is supported by the slightly, but significantly increased serum
iron levels after 2 weeks of treatment and the increased hepatic
iron content. Interestingly, the higher serum iron levels after
2 weeks of PA21 treatment also preceded the lower serum
FGF-23 levels after 4 weeks of treatment. While the FGF-23
lowering effect due to iron is one potential explanation, as evi-
denced above, it is not supported by data from a large clinical
study in which no difference was found with regard to FGF-
23 reduction between PA21 and sevelamer carbonate treat-
ment [33]. In addition, the impact of slight differences in se-
rum phosphorus levels on FGF-23 levels remains unclear.

With regard to the improvement of anaemia in the PA21
groups, the question arises as to whether the higher haemoglo-
bin/haematocrit levels reflect improved renal function or
whether other factors are also involved. Although increased
iron bioavailability could possibly improve anaemia, FGF-23
signalling has also been reported to significantly impact anae-
mia. Blocking FGF-23 signalling in 5/6 nephrectomized mice

stimulates erythropoiesis and EPO secretion and abolishes
iron-deficient anaemia [34]. As such, it is plausible that, in this
study, the beneficial effect on FGF-23 levels positively impacts
anaemia.

The induction of renal failure (reduced renal creatinine
clearance) in this study went along with significantly increased
serum hepcidin values that led to reduced iron absorption and
decreased iron release from body stores, resulting in signifi-
cantly decreased serum iron levels, reflecting the clinical situa-
tion. Further evidence for this comes from the distinct increase
in serum ferritin levels of rats with renal failure (decreased cre-
atinine clearance) compared with baseline values before the in-
duction of renal function decline, which also points to
increased body iron stores. Compared with the vehicle- and
CaCO3-treated animals, both PA21-treated groups showed
higher serum iron levels after 2 weeks of treatment. Although
serum iron levels at this time point were still dramatically lower
than baseline values (normal renal function), and thus far from
being increased above normal levels, one may suggest that min-
imal iron absorption had occurred in these groups. This is in
line with the fact that gastrointestinal iron absorption from
PA21 treatment is considered to be minimal [35]. A recent ran-
domized Phase 3 study also observed initial increases in iron-
related parameters such as transferrin saturation and serum fer-
ritin in PA21-treated dialysis patients [36]. Among PA21-
treated patients, a trend towards a reduced use of anti-anaemic
agents was found compared with sevelamer carbonate-treated
patients [36]. As such, patients with decreased renal function,
who suffer from iron deficiency, could likely benefit from low
systemic iron absorption by PA21 treatment, as the need for
iron supplementation might be reduced or even be avoided.

With regard to the development of vascular calcification,
PA21 significantly decreased the calcium content in the vessels,
whereas CaCO3 did not, this despite the fact that in this study
only mild calcification had developed. As may reasonably be
expected, the calcium load with CaCO3 treatment will be higher
compared with PA21, which in this study is supported by the
higher urinary calcium excretion and serum total calcium levels,
and this might abolish the beneficial effect of phosphate lower-
ing on vascular calcification. In addition, the better preserved
renal function and the significantly lower serum FGF-23 levels
[37, 38] could also have contributed to less calcification in both
PA21-treated groups. These findings are in accordance with the
findings of Phan et al. [17, 31], who also observed a protective
effect of PA21 on the vasculature.

Quantitative bone histomorphometry revealed adenine-
induced renal failure to go along with a dramatically increased
bone formation rate, which in combination with the presence
of moderate–severe fibrosis and distinctly increased serum
PTH levels indicates the development of a pronounced hyper-
parathyroid bone disease. These features of high bone turnover
disease were clearly reversed by treatment with phosphate bind-
ers: decreased bone resorption (evidenced by reduced eroded
perimeter), reversal of bone marrow fibrosis, decreased bone
formation rate, number of osteoblasts and circulating alkaline
phosphatase levels. These findings were also reported by
Yaguchi et al. [39], who demonstrated that PA21 treatment
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suppressed osteoid formation, fibrosis and porosity in rats with
CKD. In the PA21-treated rats, the mineralization lag time and
adjusted apposition rate did not substantially differ from those
of the vehicle-treated group. While in the low PA21 dose group
the osteoid maturation time did not differ from the vehicle
group, a minimal but statistically significant increase was seen
in the highest PA21 dose group (which should be attributed to
the low biological variation as compared with the relatively
high biological variation in the CaCO3 group). The significantly
decreased adjusted apposition rate in combination with a ten-
dency towards an increased mineralization lag time/osteoid
maturation time points towards less efficient mineralization in
the CaCO3-treated animals.

In conclusion, PA21 should be considered an effective and
safe treatment for CKD-MBD-related hyperphosphataemia,
with a beneficial impact on renal function (renal creatinine
clearance). Furthermore, since high circulating FGF-23 has
been associated with cardiovascular events and mortality
among haemodialysis patients [40, 41], the remarkable reduc-
tion of circulating FGF-23 with PA21 treatment might have
benefits for both the vasculature and the bone. All this, together
with its relatively low tablet count for human use [15, 42–44]
(associated with improved adherence compared with other
therapies), favours investigating the use of this iron-based phos-
phate binder in patients with reduced renal function who are
not yet on dialysis.
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