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Abstract

Background

We explored the long-term safety and efficacy of ferric citrate in hemodialysis patients in Tai-
wan, and further evaluated the iron repletion effect and change of iron parameters by differ-
ent baseline groups.

Methods

This was a 12-month, Phase IV, multicenter, open-label study. The initial dose of ferric cit-
rate was administered by patients’ clinical condition and further adjusted to maintain serum
phosphorus at 3.5-5.5 mg/dL. The primary endpoint was to assess the safety profiles of fer-
ric citrate. The secondary endpoints were to evaluate the efficacy by the time-course
changes and the number of subjects who achieved the target range of serum phosphorus.

Results

A total of 202 patients were enrolled. No apparent or unexpected safety concerns were
observed. The most common treatment-emergent adverse events were gastrointestinal-
related with discolored feces (41.6%). Serum phosphorus was well controlled, with a mean
dose of 3.35+1.49 g/day, ranging from 1.5 to 6.0 g/day. Iron parameters were significantly
improved. The change from baseline of ferritin and TSAT were 227.17 ng/mL and 7.53%,
respectively (p-trend<0.001), and the increase started to slow down after 3—6 months of
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treatment. In addition, the increase trend was found only in patients with lower baseline level
of ferritin (<500 ng/mL) and TSAT (<30%).

Conclusions

Ferric citrate is an effective phosphate binder with favorable safety profile in ESRD patients.
The iron-repletion by ferric citrate is effective, and the increase is limited in patients with a
higher baseline. In addition to controlling hyperphosphatemia, ferric citrate also shows addi-
tional benefits in the treatment of renal anemia.

Clinical trial registration
ClinicalTrials.gov ID: NCT03256838; 12/04/2017.

Introduction

Hyperphosphatemia and anemia are the two most frequent complications encountered in
end-stage renal disease (ESRD) patients. Hyperphosphatemia is associated with an increased
risk of anemia, mineral and bone disorders, and cardiovascular morbidity and mortality [1-3].
Hemodialysis and peritoneal dialysis are standard modalities for ESRD patients. However,
dialysis patients still suffer from hyperphosphatemia due to the average intake of phosphorus
in the gastrointestinal tract as high as 900 mg/day [4, 5]. Traditional phosphate binders are
used to reduce phosphorus absorption in the gastrointestinal tract, which may lead to adverse
results such as hypercalcemia, systemic toxicity, gastroduodenal lesions, or lower adherence
rates due to heavy pill burden and inconvenient formulations [6]. As kidney function declines
in chronic kidney disease (CKD) progression, the erythropoietin production decreases, and it
exacerbates anemic condition due to lowering of iron level. With its additional benefits of iron
supplementing for renal anemia, iron-based phosphate binder has become a popular choice
for CKD patients [7, 8].

Ferric citrate is safe and efficacious in the management of hyperphosphatemia and anemia
in both non-dialysis [9-15] and dialysis-dependent [16-18] CKD patients. All studies showed
consistent serum phosphorus control with good tolerability. The most common adverse events
(AEs) were feces discoloration and diarrhea. Although ferric iron was traditionally deemed as
a non-absorbable form of iron, the long-term studies of ferric citrate showed the ferric iron
from the citric chelated structure could still be utilized to improve iron panel and hemoglobin
level, and further reduced the need for erythropoiesis-stimulating agents (ESA) and intrave-
nous iron in hemodialysis patients [19-23]. The available long-term data can only be found in
the US and Japanese populations which represented two extreme ferritin groups, 887 ng/ml
and 73 ng/ml respectively [24, 25]. No study has ever evaluated the long-term effect for other
ESRD patient groups with a medium level of ferritin (300~500 ng/mL) such as Taiwanese pop-
ulation. This Phase IV trial designed as observational and non-interventional study evaluated
the safety, tolerability, and effectiveness in real-world settings in which concomitant treat-
ments (intravenous iron and ESAs) were not limited. By further analyzing the change of ferri-
tin and transferrin saturation (TSAT) with different baseline levels, this study allows
understanding of ferric citrate’s iron absorption/utilization and its effects on anemia improve-
ment in ESRD patients with medium level of ferritin, its impacts on existing anemia treat-
ments and long-term safety profile in the clinical practice.
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Materials and methods
Study design

This study is a multicenter, open-label, Phase IV study to evaluate the long-term safety and
efficacy of ferric citrate in subjects with ESRD on hemodialysis. The study was conducted in
accordance with the Declaration of Helsinki, and all participants provided written informed
consent. The study protocol was approved by the Institutional Review Board the participating
centers (Shin Kong Wu Ho-Su Memorial Hospital, #20170101C; Taichung Veterans General
Hospital, #5SC16169B; Kaohsiung Chang Gung Memorial Hospital, #201700047A3; Keelung
Chang Gung Memorial Hospital, #201700047A3; Far Eastern Memorial Hospital, #105086-1;
Taipei Medical University Hospital, #N201612068; Kaohsiung Medical University Chung-Ho
Memorial Hospital, #(KMUHIRB-F(I)-20170004; National Taiwan University Hospital,
#201701034MSA; and Taipei Veterans General Hospital, #2017-02-003AU). Written informed
consent was obtained from each participant. All procedures performed in the present study
were in accordance with Declaration of Helsinki. The study was registered on ClinicalTrials.
gov (NCT03256838; 12/04/2017), and the clinical study protocol was shown in S1 Appendix.
All participants received the standard care for hemodialysis according to routine hospital prac-
tice, except for pharmacological interventions for hyperphosphatasemia. There was no wash-
out period between previous medications/therapies and this study medication. Ferric citrate
(500 mg/capsule containing 105 mg of ferric iron) was taken with meals for 12 months. For
subjects whose previous phosphate binder doses were equivalent to less than and greater than
4.5 g/day of calcium-based phosphate binder, the initial doses of ferric citrate were 3 g/day and
4.5 g/day, respectively. During the study, the dose of ferric citrate was further titrated by the
investigators to achieve the goal of maintaining serum phosphorus levels between 3.5 and 5.5
mg/dL, with a maximum dose of 12 g/day.

The study period included an enrollment visit (baseline, M0), routine monthly visits during
the 12-month treatment period (M1, M2, M3, etc.), and a follow-up visit one month after the
end of treatment (EOT). EOT was defined as the final treatment visit or early termination of
treatment. In addition to physical examination, vital signs, essential hematology, and biochem-
istry tests were performed at each visit. The use of concomitant medications such as vitamin
D, intravenous iron preparations, or ESA was not limited during the study.

Subject population

From April 2017 to September 2019, a total of 224 subjects were screened for eligibility. The
inclusion criteria included (1) age > 18 years and provision of written informed consent; (2)
ESRD patients undergoing hemodialysis 3 times/week, and necessary to receive medication
for hyperphosphatemia; (3) serum ferritin < 1,000 ng/mL and TSAT < 50% at the time of
enrollment; and (4) women of child-bearing potential were willing to use contraception during
the study period. Patients who met any of the following criteria were excluded from this study.
(1) Patients had any known contraindication to ferric citrate, including but not limited to
allergy to ferric citrate; hypophosphatemia; hemochromatosis or iron overload syndrome; and
active severe gastrointestinal disease. (2) Patients underwent parathyroidectomy or percutane-
ous ethanol injection therapy within 3 months prior to enrollment visit or patients had serum
calcium < 7 mg/dL at the enrollment visit. (3) Patients participated in another interventional
study within 30 days prior to the enrollment. (4) The female patients were currently pregnant
or breastfeeding. (5) Patients with unstable medical conditions or psychiatric conditions and
were not suitable for this study based on the investigator’s judgment.
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Safety and efficacy assessments

The safety endpoint was to evaluate the safety profile, including treatment-emergent adverse
events (TEAEs), clinical laboratory evaluations, vital sign measurements, physical examina-
tion, and 12 lead electrocardiograms. The efficacy was evaluated by the time-dependent
change in serum phosphorus levels and the proportion of achieving the target range of serum
phosphorus (3.5-5.5 mg/dL) throughout the treatment. Additional exploratory study end-
points included serum calcium, iron, ferritin, TSAT, total iron binding capacity (TIBC), hemo-
globin, intact parathyroid hormone (iPTH), and the dose change of intravenous iron and ESA.

All subjects who received at least one dose of study medication were evaluated as the safety
population. The full analysis set (FAS) was defined as the participants who satisfied all eligibil-
ity criteria, took at least one dose of study medication, and had at least one post-treatment
evaluation for efficacy.

Statistical analyses

Continuous data were expressed as mean and standard deviation (SD), and categorical data
were expressed in numbers and percentages in the analysis of baseline characteristics and
TEAEs. The values of serum phosphorus, iron-, anemia-, and bone-mineral-related parame-
ters were expressed as mean and standard error (SE). P-trend was calculated by applying a gen-
eral linear model for all continuous variables. P-value was used to compare the M0 and EOT
by paired t-test. Statistical analyses were performed by SPSS software version 22.0 (IBM,
Armonk, NY, USA), and a two-sided p<0.05 was considered statistically significant.

Results
Participant characteristics

A total of 224 subjects were screened for eligibility, of which 202 subjects were enrolled and
117 subjects (57.9%) completed all the scheduled ferric citrate treatment for 12 months (Fig 1).
All 202 subjects, received at least one dose of study medication, were included in the safety
population, and 197 patients were evaluated as FAS. The baseline demographic characteristics
of the safety population are shown in Table 1. The study group comprised 53.5% male, and the
mean age was 60.9 £ 9.8 years, with a mean bodyweight of 64.9 + 14.1 kg. The mean duration
of hemodialysis was 8.2 + 6.6 years. Patients undergoing hemodialysis for > 5 years were
59.9%. The main causes of renal disease were diabetic nephropathy (33.7%) and hypertensive
nephrosclerosis (25.7%). The most common comorbidities were hypertension (69.8%), diabe-
tes mellitus (40.6%), and hyperlipidemia (31.2%). There were 94.1% subjects who received
ESA, 56.9% who received intravenous iron, and 52.5% who received vitamin D before the
study. Calcium-based phosphate binder was the most common prior to the study medication
(82.7%), and other prior use of phosphate binders included aluminum-based (19.3%), sevela-
mer-based (7.4%), lanthanum-based (7.9%), and ferric citrate-based binders (5.9%).

Safety

The safety was evaluated based on the physical examinations, changes in biochemical labora-
tory parameters, and profile of TEAEs. No clinically significant fluctuations in physical exami-
nations and laboratory parameters including aluminum, sodium, potassium, albumin, alanine
aminotransferase (ALT), and aspartate aminotransferase (AST) were observed during the
study (S1 Table).

There were no drug-related deaths during the study period. The most common TEAEs
with an incidence rate > 20% reported by System Organ Class (SOC) were gastrointestinal
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Assessed for eligibility

N =224
| - Failed Screening
| ~ N =22
\
Safety population
N =202
| _ | Notin Full Analysis Set
~ N=5
v
Full Analysis Set (FAS)
N =197
i > | Discontinued N (%)
Adverse event 33 (16.3)
Patient preference 3 (16.3)
Comple_ted Study Treatment-free death 5 (2.5)
N =117 Investigator discretion 4 (2.0)
Non-response 2 (1.0)
Other reason 3 (1.5)

Fig 1. Flow diagram of subjects by completion status.

https://doi.org/10.1371/journal.pone.0264727.9001

disorders, infections and infestations, injury, poisoning, and procedural complications, respi-
ratory, thoracic and mediastinal disorders, musculoskeletal and connective tissue disorders,
and skin and subcutaneous tissue disorders (Table 2). Discolored feces (41.6%) was the most
common TEAE. Other common TEAEs with an incidence rate > 10% reported by preferred
term were cough, diarrhea, and constipation. Most of these TEAEs were mild in severity. The
most frequently reported serious TEAEs, including pneumonia (5.9%), acute myocardial
infarction (3.0%), cardiac failure congestive, and coronary artery disease (2.0% each, respec-
tively) (Table 3). None of the serious TEAEs were suspected to be related to ferric citrate treat-
ment. S2 Table showed the most common drug-related TEAEs with discolored feces (41.1%)
in the majority. Most TEAEs that led to drug discontinuation were mild to moderate, mainly
related to gastrointestinal disorders (S3 Table). Overall, none of the serious TEAEs led to drug
discontinuation, suggesting that ferric citrate is safe for ESRD patients.

Efficacy

Serum phosphorus level was well controlled and maintained throughout the study. The mean
serum phosphorus was 5.38 mg/dL at MO and 5.19 mg/dL at EOT with a significant overall
decreasing trend from MO to EOT (P-trend = 0.003) (Table 4). There was a slight increase in
the serum phosphorus level in the first month of study due to the monthly titration design
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Table 1. Demographic and baseline characteristics of study population (N = 202).

Baseline characteristics
Age (year) 60.9 +9.8
Gender

Male 108 | (53.5%)

Female 94 | (46.5%)
Body weight (kg) 64.9 + 14.1
Age at diagnosis of ESRD (year) 49.7 £12.0
History of hemodialysis (year) 82+£6.6
History of hemodialysis

<1 year 10 | (5.0%)

1-5 years 71 | (35.1%)

5-10 years 52 | (25.7%)

>10 years 69 | (34.2%)
Primary etiology

Diabetes nephropathy 68 | (33.7%)

Hypertensive nephrosclerosis 52 | (25.7%)
Comorbidity *

Hypertension 141 | (69.8%)

Diabetes mellitus 82 | (40.6%)

Hyperlipidemia 63 | (31.2%)
Prior use of medication *,*

ESA 190 | (94.1%)

Intravenous iron 115 | (56.9%)

Vitamin D 106 | (52.5%)
Prior use of phosphate binder *,*

Calcium-based binders 167 | (82.7%)

Aluminum-based binders 39 | (19.3%)

Sevelamer-based binders 15 | (7.4%)

Lanthanum-based binders 16 | (7.9%)

Ferric citrate-based binders 12 | (5.9%)

Continuous variables were presented as mean + standard deviation, and categorical variables were presented as
number and percentage.

# Multiple entries allowed.

* Within 3 months before to the study.

Abbreviations: ESRD, end-stage renal disease; ESA, erythropoiesis stimulating agents.

https://doi.org/10.1371/journal.pone.0264727.t001

from a low starting dose without washout (Fig 2A). However, the subsequent serum phospho-
rus levels were stably maintained within the target range of 3.5-5.5 mg/dL with an achieve-
ment rate of 64.4% at M6 and 53.6% at EOT.

With overall treatment adherence of 83.02%, patients achieved the efficacy target with a
mean daily dose of 3.35 + 1.49 g/day. A majority (> 90%) of the patients received a dose of
under 6 g/day and > 80% of patients received a dose ranging between 1.5~6 g/day.

Changes of hematological and biochemical laboratory parameters

Hemoglobin and serum iron levels increased significantly and reached the highest levels after
3 and 6 months of ferric citrate treatment, respectively (Fig 2B, P-trend < 0.001). Serum ferri-
tin and TSAT level increased gradually while TIBC showed a decreased trend, and the changes
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Table 2. TEAEs with incidence rate > 20% by SOC (N = 202).

TEAEs by SOC and PT N | (%)
Gastrointestinal disorders

Discolored feces 84 | (41.6%)

Diarrhea 28 | (13.9%)

Constipation 26 | (12.9%)

Abdominal pain 18 | (8.9%)

Abdominal distension 13 | (6.4%)

Gastroesophageal reflux disease 10 | (5.0%)
Infections and infestations

Upper respiratory tract infection 18 | (8.9%)

Pneumonia 14 | (6.9%)

Viral upper respiratory tract infection 14 | (6.9%)
Injury, poisoning and procedural complications

Arteriovenous fistula site complication 20 | (9.9%)

Shunt malfunction 13 | (6.4%)
Respiratory, thoracic and mediastinal disorders

Cough 33 | (16.3%)
Musculoskeletal and connective tissue disorders

Pain in extremity 14 | (6.9%)

Back pain 11 | (5.4%)

Musculoskeletal pain 10 | (5.0%)
Skin and subcutaneous tissue disorders

Pruritus 19 | (9.4%)

Data was presented as number and percentage, and the N was based on the number of patients experiencing > 1
TEAE, not the number of events.

Abbreviations: TEAESs, treatment-emergent adverse events; SOC, system organ class; PT, preferred term.

https://doi.org/10.1371/journal.pone.0264727.1002

reached a plateau at M3 and maintained till the EOT (Fig 2C, P-trend < 0.001). The calcium
level gradually decreases (P-trend = 0.02) and the iPTH levels gradually increased (P-

trend = 0.03),

Table 3. Most common serious TEAEs with incidence rate >1% (N = 202).

as shown in Fig 2D.

Serious TEAEs by PT N| (%)
Pneumonia 12 | (5.9%)
Acute myocardial infarction 6 | (3.0%)
Cardiac failure congestive 4 (2.0%)
Coronary artery disease 4 (2.0%)
Acute pulmonary edema 3| (1.5%)
Angina unstable 31 (1.5%)
Cellulitis 31 (1.5%)
Hyperparathyroidism 3| (1.5%)
Pulmonary oedema 3 (1.5%)

Data was presented as number and percentage, and the N was based on the number of patients experiencing >1

TEAE, not the number of events. Abbreviations: TEAEs, treatment-emergent adverse events; PT, preferred term.

https://doi.org/10.1371/journal.pone.0264727.1003
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Table 4. Changes in serum phosphorus, hemoglobin, iron-related parameters, calcium and iPTH (N = 197).

Mo M3 M6 M9 EOT P-trend
Serum phosphorus (mg/dL) 5.38 £ 0.09 5.16 £ 0.10 5.16 £0.11 5.12£0.11 5.19 £0.11 0.003
Hemoglobin (g/dL) 10.65 + 0.09 11.15+0.12 11.11 £ 0.12 11.06 +0.12 11.03 £0.12 <0.001
Serum iron (pug/dL) 64.48 + 1.57 80.36 + 2.46 86.02 * 3.09 81.93 +3.34 75.64 +2.03 <0.001
Ferritin (ng/mL) 353.77 £ 16.00 481.49 + 28.47 588.41 + 26.70 619.98 + 26.70 581.37 +27.91 <0.001
TSAT (%) 24.11 £ 0.87 33.07 £ 1.36 34.17 £ 1.75 33.23+1.85 32.36 +1.24 <0.001
TIBC (ug/dL) 238.59 + 3.42 216.96 + 3.23 219.65 + 4.03 212.57 +3.26 212.07 +£2.93 <0.001
Serum calcium (mg/dL) 9.57 £ 0.06 9.51 +0.07 9.46 + 0.07 9.35+0.08 9.32 +0.06 0.02
iPTH (ng/L) 453.25 + 32.36 486.75 + 36.05 575.77 + 39.26 613.78 + 48.76 555.37 + 35.41 0.03

Data was presented as mean * standard error. P-trend values were based on variable containing mean value.
Abbreviations: MO, baseline; M3, 3 months; M6, 6 months; M9, 9 months; EOT, end of treatment; TSAT, transferrin saturation; TIBC, total iron-binding capacity;
iPTH, intact parathyroid hormone.

https://doi.org/10.1371/journal.pone.0264727.t1004

Changes in demand for intravenous iron and ESA administration

The required dose of intravenous iron was gradually decreased from 0.63 mg/day at the first
quarter (1-3 months) to 0.16 mg/day in the fourth quarter (9-12 months), showing a 74.6%
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Fig 2. The impact of ferric citrate treatment on the changes of (A) serum phosphorus, (B) hemoglobin and serum iron, (C) TSAT, ferritin, and TIBC and (D)
iPTH and calcium from MO to EOT. Abbreviations: TSAT, transferrin saturation; TIBC, total iron binding capacity; iPTH, intact parathyroid hormone; M0,
baseline; EOT, end-of-treatment. The values were expressed as mean and standard error (SE).

https://doi.org/10.1371/journal.pone.0264727.9002
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Fig 3. Changes in (A) ferritin and (B) TSAT from MO to EOT according to different baselines of ferritin (<300 ng/mL, 300-500 ng/mL, >500 ng/mL) and
TSAT (<30%, >30%). The trend of continuous data was calculated by a linear regression. Abbreviations: TSAT, transferrin saturation; M0, baseline; EOT, end-
of-treatment. The values were expressed as mean and standard error (SE).

https://doi.org/10.1371/journal.pone.0264727.9003

reduction over the 12-month observation (S1 Fig). In addition, the proportion of ESRD
patients requiring intravenous iron administration was gradually decreased from 23.3% to
6.5%. Although the proportion of ESRD patients requiring ESA treatment has not changed
obviously, the required ESA dose was decreased from 597.2 IU/day at the first quarter to 465/1
IU/day in the fourth quarter, showing a 22.1% reduction over the 12 months of ferric citrate
treatment.

Changes of ferritin and TSAT by baseline level

A post hoc subset analysis was performed to stratify ferritin (<300 ng/mL, 300-500 ng/mL,
>500 ng/mL) and TSAT (<30%, >30%) by baseline levels. The results shown in Fig 3 indi-
cated that the increase was greater in subjects with lower baseline level for ferritin <300 ng/
mL and 300-500 ng/mL, which changed from 144.53 + 8.91 ng/mL to 437.42 + 37.17 ng/mL
and 397.55 + 7.92 ng/mL to 623.22 + 39.98 ng/mL respectively (P-trend < 0.001) and TSAT
<30%, which changed from 18.45 + 0.83% to 29.35 + 1.56% (P-trend < 0.001), however did
not alter significantly in higher baseline subsets for ferritin >500 ng/mL and TSAT >30%
which changed from 650.14 + 17.42 ng/mL to 765.17 + 63.31 ng/mL (P-trend = 0.502) and
37.36 £ 0.64% to 38.74 + 1.75% (P-trend = 0.08) respectively.

Effect of vitamin D concomitant treatment on iPTH level

Despite serum phosphorus levels was controlled during the study period, iPTH levels gradually
increased. The use of the concomitant vitamin D was further analyzed (S4 Table) and it was
found no significant change in iPTH level for subjects prescribed with vitamin D treatment

(P =0.189). For subjects without vitamin D treatment, the iPTH level was significantly
increased from 323.82 + 40.98 to 472.94 + 47.74 ng/L (P<0.001).

Discussion

This is a multicenter, open-label, Phase IV study to evaluate the long-term safety and efficacy
of ferric citrate for phosphate-lowing effect in ESRD patients on maintenance hemodialysis.
Predictably, ferric citrate, at a mean daily dose of 3.35 + 1.49 g/day, was well-tolerated during
the 12-month treatment and efficaciously controlled serum phosphorus levels (3.5-5.5 mg/
dL). Furthermore, the levels of serum iron, ferritin, and TSAT, as well as hemoglobin
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significantly increased during the treatment, while the level of TIBC decreased. Although the
intravenous iron and ESAs were not limited in this study, the demands for these concomitant
medications were reduced. No drug-related death or serious TEAEs were observed during
12-month treatment. No new or unexpected safety concerns were observed. The common
TEAEs occurred in the gastrointestinal tract. Discolored feces, diarrhea, and constipation were
the most common gastrointestinal disorders. The results of this study indicated that ferric cit-
rate is a safe and effective phosphate binder to control hyperphosphatemia with good tolerabil-
ity, and effectively to improve iron utility and stores in real-world settings.

This study showed consistent efficacy and safety results with previous studies including a
placebo-controlled study in Taiwanese [26], long-term studies in Japanese [18, 27], and a
52-week active-controlled followed by a 4-week placebo-controlled study in the United States
and Israel [16]. In a previous 8-week study of hemodialysis patients in Taiwan [26], daily dose
of 4-6 g was well-tolerated. After 8 weeks of treatment, serum phosphorus declined signifi-
cantly, while ferritin levels increased significantly. In addition to confirming long-term safety
of efficacy, this present study further revealed the different iron repletion effects of ferric citrate
in ESRD patients with high, medium and low baseline ferritin levels. As expected, that the
bodyweight, size, and diet habits were similar in Asia, the average dose used to maintain
serum phosphorus target was similar at around 3 g/day in Taiwanese and Japanese patients.
However, the baseline ferritin and TSAT levels in the Japanese ESRD population were much
lower [25], and that of Taiwanese ESRD patients are generally maintained at ferritin level of
300-500 ng/mL and TSAT of 30%—50% which are similar to the anemia management sug-
gested in other Asian countries and Europe [28]. This study provided a practical direction to
physicians to use ferric citrate in patients with a medium level of ferritin and TSAT.

The treatment of ferric citrate improved iron utility and stores. Pergola et al. [15] and
Komatsu et al. [14] recently reported that ferric citrate is also safe and effective to treat iron
deficiency anemia with and without nondialysis-dependent CKD, respectively. Long-term use
of ferric citrate in nondialysis-dependent CKD has no apparent detrimental effect on kidney
functions. In this present study, the ingested iron is absorbed for hematopoiesis as reflected
from an average increase in hemoglobin level around 0.5 g/dL in ESRD patients, and the
hemoglobin level was maintained until the end of the study, despite the reduced uses of intra-
venous iron and ESA. The increase of iron storage was saturated when TSAT reached a plateau
level and the rate of increase in ferritin slowed down after 6 months of treatment. Subset analy-
sis of ferritin and TSAT showed that the increase was greater in patients with lower baseline
levels but did not alter significantly in higher baseline subsets (ferritin >500ng/mL,

TSAT > 30%). Unlike traditional intravenous iron injections, oral ferric citrate is under
endogenous regulatory control in the gastrointestinal tract. The regulation from hepcidin and
membrane proteins on the small intestine mucosal cell such as DcytB (Ferrireductase), DMT1
(divalent metal transporterl), and Fpnl (Ferroportinl) tightly control iron’s uptake and mobi-
lization into the blood stream [29]. This mechanism allows iron absorption as needed, and
lowers the chance of excessive absorption when the iron stores in the body are sufficient.

As ferric citrate is simultaneously improving the iron stores and hemoglobin level, the dose
and demand for intravenous iron and ESA in ESRD patients are reduced accordingly. Anemia
is frequently encountered in CKD patients and prevalence rate increases along with CKD pro-
gression. As kidney function declines, it negatively affects erythropoietin production and iron
absorption, therefore leading to chronic renal anemia. Kidney Disease: Improving Global Out-
comes (KDIGO; https://kdigo.org/guidelines/) proposed the clinical guidelines for the man-
agement of anemia and iron supplementation in CKD patients [22]. However, the use of high
doses of ESA is known to be related with an increased risk of stroke [30, 31], hypertension
[32], vascular access thrombosis [33], and cardiovascular disease [20, 34-37]. High doses of
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ESA may also lead to functional iron deficiency in CKD and ESRD patients. Similarly, intrave-
nous iron administration is also associated with risk of thrombosis, infection, allergic and
non-allergic reactions, and cardiovascular death [19, 21, 23]. Intravenous iron aggravated oxi-
dative stress, increased atherogenesis and cardiovascular toxicity, and increased the tendency
for infections [38, 39]. It is worth noting that in this study, ferric citrate gradually reduced the
demand (72.1% reduction) and the dose (74.6% reduction) of intravenous iron in ESRD
patients. The ESA dose was also reduced by 22.1% after 12-month of ferric citrate treatment,
while the demand for ESA was not decreased dramatically. This dose reduction effect was also
reported by Umanath et al. while hemoglobin was stably maintained [17]. In the pharmacoe-
conomic aspect, fewer intravenous injections may reduce the shortage of nurses, overall medi-
cal expenses, and the risks of side effects such as infections and allergies. However, the benefits
in iron repletion and reduction of concurrent anemia treatments were only observed in ferric
citrate but not in other iron-based binders. In a 52-week, Phase III study by Covic et al. [40],
both sevelamer carbonate and sucroferric oxyhydroxide did not show an increase in iron
stores and a reduction in the dose or need for ESA and intravenous iron [11, 17].

In this study, iPTH levels increased despite a significant reduction in serum phosphorus
and calcium levels. As secondary hyperparathyroidism is also a common complication in CKD
patients, reducing dietary phosphorus uptake along with the use of vitamin D analogs and calci-
mimetics is usually recommended by KDIGO and other guidelines. In a retrospective study by
Yoshida et al. [18], more than 93% of patients concomitantly prescribed vitamin D during the
36-month observation period and no significant change in iPTH was found with ferric citrate
treatment. In our present study, only 50.3% of patients in this study concomitantly prescribed
vitamin D (S4 Table), suggesting that vitamin D may play a role in controlling the iPTH levels
in ESRD patients. Further prospective study is required to clarify this issue.

This study presented long-term clinical experience for up to one year in real-world setting,
and some limitations were acknowledged. First, there was a lack of intervention, and it was
limited with bias by the missing values resulting from patients who did not attend all scheduled
visits. Second, 5.9% of patients had taken ferric citrate prior to the study. These patients may
have a lower risk of adverse events during the study period, which may increase bias. Third,
the safety and efficacy analyses are limited to 12 months of treatment; therefore, the conclu-
sions of this study can only be limited within this time frame. Nonetheless, this Phase IV study
proves that 12-month ferric citrate treatment is safe and effective in the control of serum phos-
phorus in hemodialysis patients in Taiwan with the additional benefit of iron-repletion.

Conclusion

Long-term ferric citrate treatment is safe and well-tolerated for ESRD patients with hyperpho-
sphatemia, with a dose range of 1.5-6.0 g/day in Taiwanese population. Ferric citrate can
simultaneously replete iron, increase hemoglobin levels, and reduce the dose and/or demand
of ESA and intravenous iron. There is no obvious safety concern during 12-month ferric cit-
rate treatment. In routine clinical practice, the dosage of ferric citrate can be adjusted based on
serum phosphorous levels and iron-related parameters. Overall, ferric citrate as a phosphate
binder has shown promising iron-replenishing benefit for the long-term treatment of hyper-
phosphatemia in ESRD patients and well-tolerated.

Supporting information

S1 Checklist. CONSORT 2010 checklist of information to include when reporting a rando-
mised trial”.
(DOC)

PLOS ONE | https://doi.org/10.1371/journal.pone.0264727 March 3, 2022 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264727.s001
https://doi.org/10.1371/journal.pone.0264727

PLOS ONE

Phase IV trial of ferric citrate in ESRD

S2 Checklist. TREND statement checklist.
(PDF)

S§1 Table. Changes of clinical laboratory parameters during the treatment period.
(DOCX)

S2 Table. Most common drug-related TEAEs with incidence rate > 1%.
(DOCX)

S3 Table. Most common TEAEs leading to drug discontinuation with incidence rate >1%.
(DOCX)

S4 Table. Changes of iPTH levels after stratified by concomitant vitamin D treatment.
(DOCX)

S1 Fig. Ferric citrate reduces the need for intravenous iron and ESA. (A) Intravenous iron
dosage and administration. (B) ESA dosage and use.
(JPG)

S1 Appendix. Clinical study protocol.
(PDF)

Author Contributions
Conceptualization: Chien-Te Lee, Mai-Szu Wu, Der-Cherng Tarng.
Formal analysis: Chien-Te Lee, Mai-Szu Wu, Der-Cherng Tarng.

Investigation: Chien-Te Lee, Chin-Chan Lee, Ming-Ju Wu, Yi-Wen Chiu, Jyh-Gang Leu,
Ming-Shiou Wu, Yu-Sen Peng, Mai-Szu Wu, Der-Cherng Tarng.

Writing - original draft: Chien-Te Lee, Mai-Szu Wu, Der-Cherng Tarng.

Writing - review & editing: Chien-Te Lee, Chin-Chan Lee, Ming-Ju Wu, Yi-Wen Chiu, Jyh-
Gang Leu, Ming-Shiou Wu, Yu-Sen Peng, Mai-Szu Wu, Der-Cherng Tarng.

References

1. Yuen NK, Ananthakrishnan S, Campbell MJ. Hyperparathyroidism of Renal Disease. Perm J. 2016; 20
(3):15—127. https://doi.org/10.7812/TPP/15-127 PMID: 27479950

2. Palmer SC, Hayen A, Macaskill P, Pellegrini F, Craig JC, Elder GJ, et al. Serum levels of phosphorus,
parathyroid hormone, and calcium and risks of death and cardiovascular disease in individuals with
chronic kidney disease: a systematic review and meta-analysis. JAMA. 2011; 305(11):1119-1127.
https://doi.org/10.1001/jama.2011.308 PMID: 21406649

3. Block GA, Klassen PS, Lazarus JM, Ofsthun N, Lowrie EG, Chertow GM. Mineral metabolism, mortal-
ity, and morbidity in maintenance hemodialysis. J Am Soc Nephrol. 2004; 15(8):2208—2218. https://doi.
org/10.1097/01.ASN.0000133041.27682.A2 PMID: 15284307

4. Waheed AA, Pedraza F, Lenz O, Isakova T. Phosphate control in end-stage renal disease: barriers and
opportunities. Nephrol Dial Transplant. 2013; 28(12):2961-2968. https://doi.org/10.1093/ndt/gft244
PMID: 23901051

5. Huml AM, Sullivan CM, Leon JB, Sehgal AR. The adequacy of phosphorus binder prescriptions among
American hemodialysis patients. Ren Fail. 2012; 34(10):1258—1263. https://doi.org/10.3109/0886022X.
2012.718724 PMID: 23013171

6. Haratake J, Yasunaga C, Ootani A, Shimajiri S, Matsuyama A, Hisaoka M. Peculiar histiocytic lesions
with massive lanthanum deposition in dialysis patients treated with lanthanum carbonate. Am J Surg
Pathol. 2015; 39(6):767—771. https://doi.org/10.1097/PAS.0000000000000385 PMID: 25602800

PLOS ONE | https://doi.org/10.1371/journal.pone.0264727 March 3, 2022 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264727.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264727.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264727.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264727.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264727.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264727.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264727.s008
https://doi.org/10.7812/TPP/15-127
http://www.ncbi.nlm.nih.gov/pubmed/27479950
https://doi.org/10.1001/jama.2011.308
http://www.ncbi.nlm.nih.gov/pubmed/21406649
https://doi.org/10.1097/01.ASN.0000133041.27682.A2
https://doi.org/10.1097/01.ASN.0000133041.27682.A2
http://www.ncbi.nlm.nih.gov/pubmed/15284307
https://doi.org/10.1093/ndt/gft244
http://www.ncbi.nlm.nih.gov/pubmed/23901051
https://doi.org/10.3109/0886022X.2012.718724
https://doi.org/10.3109/0886022X.2012.718724
http://www.ncbi.nlm.nih.gov/pubmed/23013171
https://doi.org/10.1097/PAS.0000000000000385
http://www.ncbi.nlm.nih.gov/pubmed/25602800
https://doi.org/10.1371/journal.pone.0264727

PLOS ONE

Phase IV trial of ferric citrate in ESRD

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Nastou D, Fernandez-Fernandez B, Elewa U, Gonzalez-Espinoza L, Gonzalez-Parra E, Sanchez-Nino
MD, et al. Next-generation phosphate binders: focus on iron-based binders. Drugs. 2014; 74(8):863—
877. https://doi.org/10.1007/s40265-014-0224-6 PMID: 24848754

McCullough PA, Uhlig K, Neylan JF, Pergola PE, Fishbane S. Usefulness of Oral Ferric Citrate in
Patients With Iron-Deficiency Anemia and Chronic Kidney Disease With or Without Heart Failure. Am J
Cardiol. 2018; 122(4):683-688. https://doi.org/10.1016/j.amjcard.2018.04.062 PMID: 29961562

Block GA, Pergola PE, Fishbane S, Martins JG, LeWinter RD, Uhlig K, et al. Effect of ferric citrate on
serum phosphate and fibroblast growth factor 23 among patients with nondialysis-dependent chronic
kidney disease: path analyses. Nephrol Dial Transplant. 2019; 34(7):1115-1124. https://doi.org/10.
1093/ndt/gfy318 PMID: 30380116

Pergola PE, Fishbane S, LeWinter RD, Neylan JF, Uhlig K, Block GA, et al. Hemoglobin response to fer-
ric citrate in patients with nondialysis-dependent chronic kidney disease and iron deficiency anemia.
Am J Hematol. 2018; 93(6):E154—E156. https://doi.org/10.1002/ajh.25088 PMID: 29575100

Chertow GM, Block GA, Neylan JF, Pergola PE, Uhlig K, Fishbane S. Safety and efficacy of ferric citrate
in patients with nondialysis-dependent chronic kidney disease. PLoS One. 2017; 12(11):e0188712.
https://doi.org/10.1371/journal.pone.0188712 PMID: 29186198

Iguchi A, Yamamoto S, Yamazaki M, Tasaki K, Suzuki Y, Kazama JJ, et al. Effect of ferric citrate
hydrate on FGF23 and PTH levels in patients with non-dialysis-dependent chronic kidney disease with
normophosphatemia and iron deficiency. Clin Exp Nephrol. 2018; 22(4):789-796. https://doi.org/10.
1007/s10157-017-1510-x PMID: 29181658

Fishbane S, Block GA, Loram L, Neylan J, Pergola PE, Uhlig K, et al. Effects of Ferric Citrate in Patients
with Nondialysis-Dependent CKD and Iron Deficiency Anemia. J Am Soc Nephrol. 2017; 28(6):1851—
1858. https://doi.org/10.1681/ASN.2016101053 PMID: 28082519

Komatsu N, Arita K, Mitsui H, Nemoto T, Hanaki K. Efficacy and safety of ferric citrate hydrate com-
pared with sodium ferrous citrate in Japanese patients with iron deficiency anemia: a randomized, dou-
ble-blind, phase 3 non-inferiority study. Int J Hematol. 2021; 114(1):8—17. https://doi.org/10.1007/
5$12185-021-03123-9 PMID: 33719027

Pergola PE, Belo D, Crawford P, Moustafa M, Luo W, Goldfarb-Rumyantzev A, et al. Ferric Citrate Dos-
ing in Iron Deficiency Anemia in Nondialysis-Dependent Chronic Kidney Disease. Am J Nephrol. 2021;
52(7):572-581. https://doi.org/10.1159/000516012 PMID: 34293738

Lewis JB, Sika M, Koury MJ, Chuang P, Schulman G, Smith MT, et al. Ferric citrate controls phospho-
rus and delivers iron in patients on dialysis. J Am Soc Nephrol. 2015; 26(2):493-503. https://doi.org/10.
1681/ASN.2014020212 PMID: 25060056

Rodby RA, Umanath K, Niecestro R, Bond TC, Sika M, Lewis J, et al. Ferric Citrate, an Iron-Based
Phosphate Binder, Reduces Health Care Costs in Patients on Dialysis Based on Randomized Clinical
Trial Data. Drugs R D. 2015; 15(3):271-279. https://doi.org/10.1007/s40268-015-0103-y PMID:
26239948

Yoshida T, Morimoto K, Kaburagi N, Fujino T, Takemitsu TY, Yamashita N, et al. Long-term efficacy
and safety of iron-based phosphate binders, ferric citrate hydrate and sucroferric oxyhydroxide, in
hemodialysis patients. Int Urol Nephrol. 2021. https://doi.org/10.1007/s11255-021-02952-1 PMID:
34264473

Bailie GR, Larkina M, Goodkin DA, Li Y, Pisoni RL, Bieber B, et al. Data from the Dialysis Outcomes
and Practice Patterns Study validate an association between high intravenous iron doses and mortality.
Kidney Int. 2015; 87(1):162—168. https://doi.org/10.1038/ki.2014.275 PMID: 25075769

Bohlius J, Schmidlin K, Brillant C, Schwarzer G, Trelle S, Seidenfeld J, et al. Recombinant human eryth-
ropoiesis-stimulating agents and mortality in patients with cancer: a meta-analysis of randomised trials.
Lancet. 2009; 373(9674):1532—1542. https://doi.org/10.1016/S0140-6736(09)60502-X PMID:
19410717

Del Vecchio L, Longhi S, Locatelli F. Safety concerns about intravenous iron therapy in patients with
chronic kidney disease. Clin Kidney J. 2016; 9(2):260—-267. https://doi.org/10.1093/ckj/sfv142 PMID:
26985378

Fishbane S, Spinowitz B. Update on Anemia in ESRD and Earlier Stages of CKD: Core Curriculum
2018. Am J Kidney Dis. 2018; 71(3):423-435. https://doi.org/10.1053/j.ajkd.2017.09.026 PMID:
29336855

Wang C, Graham DJ, Kane RC, Xie D, Wernecke M, Levenson M, et al. Comparative Risk of Anaphy-
lactic Reactions Associated With Intravenous Iron Products. JAMA. 2015; 314(19):2062—2068. https://
doi.org/10.1001/jama.2015.15572 PMID: 26575062

Karaboyas A, Zee J, Morgenstern H, Nolen JG, Hakim R, Kalantar-Zadeh K, et al. Understanding the
Recent Increase in Ferritin Levels in United States Dialysis Patients: Potential Impact of Changes in
Intravenous Iron and Erythropoiesis-Stimulating Agent Dosing. Clinical journal of the American Society

PLOS ONE | https://doi.org/10.1371/journal.pone.0264727 March 3, 2022 13/14


https://doi.org/10.1007/s40265-014-0224-6
http://www.ncbi.nlm.nih.gov/pubmed/24848754
https://doi.org/10.1016/j.amjcard.2018.04.062
http://www.ncbi.nlm.nih.gov/pubmed/29961562
https://doi.org/10.1093/ndt/gfy318
https://doi.org/10.1093/ndt/gfy318
http://www.ncbi.nlm.nih.gov/pubmed/30380116
https://doi.org/10.1002/ajh.25088
http://www.ncbi.nlm.nih.gov/pubmed/29575100
https://doi.org/10.1371/journal.pone.0188712
http://www.ncbi.nlm.nih.gov/pubmed/29186198
https://doi.org/10.1007/s10157-017-1510-x
https://doi.org/10.1007/s10157-017-1510-x
http://www.ncbi.nlm.nih.gov/pubmed/29181658
https://doi.org/10.1681/ASN.2016101053
http://www.ncbi.nlm.nih.gov/pubmed/28082519
https://doi.org/10.1007/s12185-021-03123-9
https://doi.org/10.1007/s12185-021-03123-9
http://www.ncbi.nlm.nih.gov/pubmed/33719027
https://doi.org/10.1159/000516012
http://www.ncbi.nlm.nih.gov/pubmed/34293738
https://doi.org/10.1681/ASN.2014020212
https://doi.org/10.1681/ASN.2014020212
http://www.ncbi.nlm.nih.gov/pubmed/25060056
https://doi.org/10.1007/s40268-015-0103-y
http://www.ncbi.nlm.nih.gov/pubmed/26239948
https://doi.org/10.1007/s11255-021-02952-1
http://www.ncbi.nlm.nih.gov/pubmed/34264473
https://doi.org/10.1038/ki.2014.275
http://www.ncbi.nlm.nih.gov/pubmed/25075769
https://doi.org/10.1016/S0140-6736%2809%2960502-X
http://www.ncbi.nlm.nih.gov/pubmed/19410717
https://doi.org/10.1093/ckj/sfv142
http://www.ncbi.nlm.nih.gov/pubmed/26985378
https://doi.org/10.1053/j.ajkd.2017.09.026
http://www.ncbi.nlm.nih.gov/pubmed/29336855
https://doi.org/10.1001/jama.2015.15572
https://doi.org/10.1001/jama.2015.15572
http://www.ncbi.nlm.nih.gov/pubmed/26575062
https://doi.org/10.1371/journal.pone.0264727

PLOS ONE

Phase IV trial of ferric citrate in ESRD

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

of Nephrology: CJASN. 2015; 10(10):1814—1821. https://doi.org/10.2215/CJN.02600315 PMID:
26286925

Hamano T, Fujii N, Hayashi T, Yamamoto H, Iseki K, Tsubakihara Y. Thresholds of iron markers for iron
deficiency erythropoiesis-finding of the Japanese nationwide dialysis registry. Kidney international sup-
plements. 2015; 5(1):23-32. https://doi.org/10.1038/kisup.2015.6 PMID: 26097782

Lee CT, Wu IW, Chiang SS, Peng YS, Shu KH, Wu MJ, et al. Effect of oral ferric citrate on serum phos-
phorus in hemodialysis patients: multicenter, randomized, double-blind, placebo-controlled study. Jour-
nal of nephrology. 2015; 28(1):105—113. https://doi.org/10.1007/s40620-014-0108-6 PMID: 24840781

Yokoyama K, Akiba T, Fukagawa M, Nakayama M, Sawada K, Kumagai Y, et al. Long-term safety and
efficacy of a novel iron-containing phosphate binder, JTT-751, in patients receiving hemodialysis. Jour-
nal of renal nutrition: the official journal of the Council on Renal Nutrition of the National Kidney Founda-
tion. 2014; 24(4):261-267. https://doi.org/10.1053/}.jrn.2014.03.006 PMID: 24836401

Hung SC, Kuo KL, Tarng DC, Hsu CC, Wu MS, Huang TP. Anaemia management in patients with
chronic kidney disease: Taiwan practice guidelines. Nephrology (Carlton, Vic). 2014; 19(12):735-739.
https://doi.org/10.1111/nep.12332 PMID: 25156587

Fleming RE, Ponka P. Iron overload in human disease. N Engl J Med. 2012; 366(4):348-359. https://
doi.org/10.1056/NEJMra1004967 PMID: 22276824

Szczech L. Chronic kidney disease: Association between ESA use and stroke in patients with CKD. Nat
Rev Nephrol. 2011; 7(7):365-366. https://doi.org/10.1038/nrneph.2011.70 PMID: 21610681

Seliger SL, Zhang AD, Weir MR, Walker L, Hsu VD, Parsa A, et al. Erythropoiesis-stimulating agents
increase the risk of acute stroke in patients with chronic kidney disease. Kidney Int. 2011; 80(3):288—
294. https://doi.org/10.1038/ki.2011.49 PMID: 21389972

Lundby C, Thomsen JJ, Boushel R, Koskolou M, Warberg J, Calbet JA, et al. Erythropoietin treatment
elevates haemoglobin concentration by increasing red cell volume and depressing plasma volume. J
Physiol. 2007; 578(Pt 1):309-314. https://doi.org/10.1113/jphysiol.2006.122689 PMID: 17095558

Lippi G, Franchini M, Favaloro EJ. Thrombotic complications of erythropoiesis-stimulating agents.
Semin Thromb Hemost. 2010; 36(5):537-549. https://doi.org/10.1055/s-0030-1255448 PMID:
20632251

Palmer SC, Saglimbene V, Mavridis D, Salanti G, Craig JC, Tonelli M, et al. Erythropoiesis-stimulating
agents for anaemia in adults with chronic kidney disease: a network meta-analysis. Cochrane Database
Syst Rev. 2014;(12):CD010590. https://doi.org/10.1002/14651858.CD010590.pub2 PMID: 25486075

Newland AM, Black CD. Tumor progression associated with erythropoiesis-stimulating agents. Ann
Pharmacother. 2008; 42(12):1865—1870. https://doi.org/10.1345/aph.1L231 PMID: 19017828

Hedley BD, Allan AL, Xenocostas A. The role of erythropoietin and erythropoiesis-stimulating agents in
tumor progression. Clin Cancer Res. 2011; 17(20):6373-6380. https://doi.org/10.1158/1078-0432.
CCR-10-2577 PMID: 21750199

Bennett CL, Silver SM, Djulbegovic B, Samaras AT, Blau CA, Gleason KJ, et al. Venous thromboembo-
lism and mortality associated with recombinant erythropoietin and darbepoetin administration for the
treatment of cancer-associated anemia. JAMA. 2008; 299(8):914—924. https://doi.org/10.1001/jama.
299.8.914 PMID: 18314434

Fishbane S, Mathew A, Vaziri ND. Iron toxicity: relevance for dialysis patients. Nephrol Dial Transplant.
2014; 29(2):255-259. https://doi.org/10.1093/ndt/gft269 PMID: 24166458

Kuo KL, Hung SC, Wei YH, Tarng DC. Intravenous iron exacerbates oxidative DNA damage in periph-
eral blood lymphocytes in chronic hemodialysis patients. J Am Soc Nephrol. 2008; 19(9):1817-1826.
https://doi.org/10.1681/ASN.2007101084 PMID: 18495964

Covic AC, Floege J, Ketteler M, Sprague SM, Lisk L, Rakov V, et al. Iron-related parameters in dialysis
patients treated with sucroferric oxyhydroxide. Nephrol Dial Transplant. 2017; 32(8):1330—-1338. https://
doi.org/10.1093/ndt/gfw242 PMID: 27342579

PLOS ONE | https://doi.org/10.1371/journal.pone.0264727 March 3, 2022 14/14


https://doi.org/10.2215/CJN.02600315
http://www.ncbi.nlm.nih.gov/pubmed/26286925
https://doi.org/10.1038/kisup.2015.6
http://www.ncbi.nlm.nih.gov/pubmed/26097782
https://doi.org/10.1007/s40620-014-0108-6
http://www.ncbi.nlm.nih.gov/pubmed/24840781
https://doi.org/10.1053/j.jrn.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24836401
https://doi.org/10.1111/nep.12332
http://www.ncbi.nlm.nih.gov/pubmed/25156587
https://doi.org/10.1056/NEJMra1004967
https://doi.org/10.1056/NEJMra1004967
http://www.ncbi.nlm.nih.gov/pubmed/22276824
https://doi.org/10.1038/nrneph.2011.70
http://www.ncbi.nlm.nih.gov/pubmed/21610681
https://doi.org/10.1038/ki.2011.49
http://www.ncbi.nlm.nih.gov/pubmed/21389972
https://doi.org/10.1113/jphysiol.2006.122689
http://www.ncbi.nlm.nih.gov/pubmed/17095558
https://doi.org/10.1055/s-0030-1255448
http://www.ncbi.nlm.nih.gov/pubmed/20632251
https://doi.org/10.1002/14651858.CD010590.pub2
http://www.ncbi.nlm.nih.gov/pubmed/25486075
https://doi.org/10.1345/aph.1L231
http://www.ncbi.nlm.nih.gov/pubmed/19017828
https://doi.org/10.1158/1078-0432.CCR-10-2577
https://doi.org/10.1158/1078-0432.CCR-10-2577
http://www.ncbi.nlm.nih.gov/pubmed/21750199
https://doi.org/10.1001/jama.299.8.914
https://doi.org/10.1001/jama.299.8.914
http://www.ncbi.nlm.nih.gov/pubmed/18314434
https://doi.org/10.1093/ndt/gft269
http://www.ncbi.nlm.nih.gov/pubmed/24166458
https://doi.org/10.1681/ASN.2007101084
http://www.ncbi.nlm.nih.gov/pubmed/18495964
https://doi.org/10.1093/ndt/gfw242
https://doi.org/10.1093/ndt/gfw242
http://www.ncbi.nlm.nih.gov/pubmed/27342579
https://doi.org/10.1371/journal.pone.0264727

