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Learning Objectives

1. To define the prevalence and associated outcomes of anemia

for patients with CKD and ESRD

2. To describe the pathophysiology underlying CKD-associated

anemia

3. To identify optimal therapies for individual patients, recognizing

the indications and pitfalls of newer therapies

Introduction
CKD-associated anemia is common. The prevalence of anemia
increases as the GFR declines, and anemia is virtually universal
among patients receiving dialysis. Among patients with CKD, ane-
mia is associated with increased risk of ESKD, cardiovascular events,
mortality, and decreased quality of life. This chapter reviews recent
studies in iron deficiency and anemia in patients with CKD (1).

Epidemiology
A number of recent studies have assessed the prevalence of iron defi-
ciency and anemia in patients with CKD. A study examined the
prevalence of anemia among 51,163 patients with nondialysis CKD
identified in the National Health and Nutrition Examination Survey
(NHANES) data from 1999–2000 to 2017–2018. Approximately
25% of patients with CKD had anemia (defined as hemoglobin
,12 g/dL in women and ,13 g/dL in men). Among them, 1.9%
had severe anemia eligible for erythropoiesis stimulating agent (ESA)
treatment (defined as hemoglobin ,10 g/dL). The prevalence of
anemia and severe anemia increased with the progression of CKD
and, in patients with stage 5 CKD, was present in 66.1% and
12.7%, respectively (2). Female sex, age .75 years, Black race, and
diabetes were associated with increased risk of anemia.

In another study that included data from over 5 million routine
outpatient visits in the United States from 2016 to 2019, severe ane-
mia (hemoglobin ,10 g/dL) was present in 3.1%, 7.5%, 17.4%,
and 29.7% of men with CKD stages 3A, 3B, 4, and 5, respectively.
Prevalence was higher in women: 3.9, 8.6, 19.4, and 37.6 for CKD
stages 3A, 3B, 4, and 5, respectively. As was observed in the previ-
ously cited study, older age and Black race were associated with risk
of anemia (3). Among anemic individuals, iron indices were only
tested in 15.6% of men and 19.6% of women. Among those who
were tested, approximately 40% and 50% of men and women with
stage 5 CKD had tests suggesting iron deficiency.

Anemia, but not iron deficiency, was associated with increased
risk ESKD, cardiovascular disease, stroke, heart failure, and death
after multiple adjustments including for CKD, age, and race among
other variables. The authors plausibly hypothesize that the reason
that anemia, but not iron deficiency, was associated with worse out-
comes is likely explained by the fact that anemia is a marker for
chronic disease and more severe CKD, and iron deficiency provides
an alternative cause for anemia than these causal comorbidities. It is
notable that this study also showed that anemic patients with stage
4 and 5 CKD were undertreated; fewer than 4% of patients who
were eligible were treated with ESAs. It is not clear how many iron-
deficient individuals were treated with iron.

A retrospective observational study from Italy reported adults
diagnosed between January 2014 and December 2016 with
non–dialysis-dependent CKD (4). Among 101,143 individuals,
approximately 40% were anemic. Anemia prevalence increased with
CKD severity and was present in almost 80% of individuals with
stage 5 CKD. The percentage of eligible patients treated with ESAs
was 12.8% among those with hemoglobin ,11 g/L and 15.5%
among those with hemoglobin ,10 g/L. Among those with the
higher hemoglobin threshold, ESA use was increased for patients
with stage 5 CKD (39.8% versus 6.7% in stage 3A).

Among patients with stage 5 CKD, intravenous iron was given
to 16.4% of those with anemia. Intravenous iron use was higher for
patients with ESA-treated disease (31%–33%). The use of oral iron
was not reported in this study.

As has been shown in other studies, anemia was associated with a
higher risk of ESKD and with higher mortality (4). The percentage of
patients who were treated by nephrologists in this study is not known.

CKD-associated anemia appears to be undertreated even by
nephrologists. This was suggested by a study by Lopes et al. (5) who
presented longitudinal data from 2818 patients with stage 3–5 CKD
from Brazil, Germany, and the United States who were followed by
nephrologists and were not receiving iron or ESAs at the time of
enrollment in CKDopps. At 12months, among patients with hemo-
globin ,10 g/dL, only 40% were prescribed either iron or ESA.
Among those with iron deficiency (i.e., transferrin saturation [TSAT]
,20%), only 26% and 6% were prescribed oral and intravenous iron,
respectively. CKD stage 4/5 was diagnosed in 1885 patients. For
CKD stage 5, the proportion of patients who were prescribed oral iron
was much lower (16%) than intravenous iron (29%) and ESA (41%).

Compared with patients with nondialysis CKD, a greater per-
centage of patients receiving dialysis receive treatment with iron or
ESAs. A retrospective, longitudinal, observational study demon-
strated that among 1632 patients receiving dialysis in France, 1286
(roughly 79%) were anemic (6). Among patients with anemia, 83%
received ESAs with or without iron, and 77% received iron. Most of
those who were treated were treated with both ESAs and iron.
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Effective iron repletion has been shown to decrease the ESA
dose in patients with CKD not receiving dialysis and patients with
CKD receiving dialysis. Among maintenance patients receiving
hemodialysis, more aggressive iron repletion reduces risk of cardio-
vascular events and death. This was demonstrated in the PIVOTAL
multicenter trial that compared proactive high-dose intravenous iron
(targeting TSAT .40%) to reactive, lower-dose intravenous iron
(targeting TSAT .20%, ferritin ,200) among 2141 patients
receiving hemodialysis. There was a reduction in the composite end-
point of myocardial infarction, stroke, heart failure, or death among
patients receiving treatment with high-dose proactive iron versus a
lower dose (7).

Etiology and Pathophysiology
CKD-associated anemia is largely due to decreased erythropoietin
and absolute or functional iron deficiency (8,9). Absolute iron defi-
ciency is a deficiency of total body iron (i.e., both stored and circu-
lating), whereas functional or relative iron deficiency is a decrease in
circulating iron with normal or increased iron stores (10–12).

There have been major advances over the past decade in our
understanding of the regulation of erythropoietin (EPO) expression
and iron homeostasis. The pathogenesis of CKD-associated anemia
and iron deficiency was reviewed in recent KDIGO controversies
conference review (10). Updates are briefly described below,
although a detailed description of pathophysiology is beyond the
scope of this topic.

Hepcidin is a hormone synthesized in the liver that provides
negative regulation of iron uptake from gut and iron release from
stores, both via the degradation of the iron channel, ferroportin,
which is expressed in enterocytes, hepatocytes, and macrophages.
Hepcidin is increased in settings of increased iron uptake, inflamma-
tion, infection and in CKD. Hepcidin is decreased in the settings of
decreased iron uptake, erythropoiesis, and hypoxia (11).

Hypoxia inducible factors (HIFs) are transcription factors that
regulate EPO expression in response to oxygenation/hypoxia. HIFs
are negatively regulated by prolyl hydroxylase domain–containing
proteins. Under conditions of adequate oxygenation, domain-
containing proteins hydroxylate HIFs, which targets them for ubi-
quitination and degradation. Under conditions of hypoxia, HIFs
accumulate and activate transcription of numerous genes including
EPO, EPO receptors, transferrin receptors, and genes that increase

iron absorption from the gut. HIFs indirectly decrease hepcidin
by stimulating erythropoiesis. Erythroblasts generate erythroferrone
(ERFE), which decreases hepcidin. Serum ERFE concentrations
have been shown to directly correlate with EPO levels and dose, and
some studies, though not all, have shown inverse correlations with
hepcidin and ferritin levels (13–15). A recent cohort study demon-
strated an association between serum ERFE concentrations and a
composite outcome of mortality and nonfatal cardiovascular events
among 1123 patients receiving hemodialysis and 745 patients with
CKD (15). The association persisted after adjustment for traditional
cardiovascular risk factors and was amplified by ESA treatment.

HIF inhibitors are pharmacologic agents that block prolyl
hydroxylation, which increases erythropoiesis (11). HIF inhibitors
are discussed below in the section about treatment.

FGF23
Changes in iron homeostasis and erythropoiesis affect FGF23 levels
which contributes to CKD-mineral and bone disorder. Iron defi-
ciency, ESAs, and inflammation have been shown to increase
FGF23 concentrations in patients with CKD (10,16). Conversely,
increased FGF23 may worsen anemia and iron deficiency (17,18).
Specific intravenous iron preparations (particularly ferric carboxy-
maltose) have been shown to increase FGF23 levels by decreasing
cleavage. Increased FSF23 is associated with hypophosphatemia,
hyperphosphaturia, hypovitaminosis D, hypocalcemia, and second-
ary hyperparathyroidism (19).

Lead and Iron and Anemia in Patients Receiving Dialysis
Lead causes anemia by decreasing gastrointestinal iron absorption
and heme synthesis, and by increasing RBC destruction (20–22).
Patients with CKD and ESKD are vulnerable to toxic effects of
even low-level lead contamination because of enhanced absorption
of lead across the GI tract (due to hypocalcemia, iron deficiency,
and malnutrition) (23,24), and because of decreased excretion (25).
A recent study demonstrated lower hemoglobin concentrations and
higher ESA use in patients with advanced CKD who live in cities
with relatively higher lead levels in community water sources (26).
This was a large analysis that used the USRDS to identify patients
initiating dialysis between 2005 and 2017. Lead concentrations were
obtained from the Environmental Protection Agency Safe Water
Information System. A dataset was generated that included 597,968
patients with incident ESKD who lived in 9566 cities with 21,113
water supplies. Among all identified patients, 86% lived in cities
with detectable 90th percentile lead levels, and 2% lived in areas
with lead levels above the Environmental Protection Agency action-
able lead level. Before hemodialysis initiation, corrected for ESA use,
higher lead concentrations were associated with lower hemoglobin,
with 0.02 g/dL decrease in hemoglobin for each 0.01mg/L increase
in water lead for the specific community water source. For each
0.01mg/L higher lead concentration, there was a 0.4% increase in the
prevalence of ESA use. Among 209, 912 patients who initiated dialy-
sis, higher lead levels also associated with lower hemoglobin and ESA
use. Notably, lead levels were highest in water sources serving Black
patients compared with White patients. An additional study demon-
strated that among 143,754 patients receiving hemodialysis, patients
from communities with low-level lead contamination had a higher
adjusted risk of iron deficiency manifested by transferrin saturation

4 The risk and severity of anemia increases as GFR
declines.

4CKD-associated anemia is undertreated in nondia-
lysis CKD but more likely to be treated in patients
receiving dialysis.

4CKD-associated anemia is associated with adverse
outcomes.

4 Treatment of iron deficiency reduces cardiovascu-
lar outcomes and improves survival in patients
receiving hemodialysis.
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,20% and/or ferritin,200ng/mL (27). As observed in an accompa-
nying editorial, these data illustrate the clinical relevance of low-level
lead exposure for adults, particularly those with CKD. These data also
illuminate the striking racial inequality in lead exposure that exists
today and contributes to disparities in kidney disease (28).

Treatment/Management
Current options for treatment of anemia include oral and intrave-
nous iron and ESAs. Novel therapies, including oral and
dialysate/intravenous iron preparations and HIF stabilizers, are dis-
cussed here.

Hypoxia-Inducible Factor-Prolyl Hydroxylase Inhibitors
Hypoxia-inducible factor-prolyl hydroxylase inhibitors (HIF-PHIs),
also called HIF stabilizers, are pharmacologic agents that block pro-
lyl hydroxylation, obiquitination, and degradation of HIF (11). HIF
accumulation and signaling increase expression of HIF target genes,
including EPO and iron metabolism genes (29,30). Available HIF-
PHIs or those being studied include roxadustat, daprodustat,
vadadustat, molidustat, desidustat, and enarodustat.

The role for HIF-PHIs in treatment of anemia in CKD and
ESKD is not clear. Multiple clinical trials have demonstrated
improvements in anemia compared with placebo for patients with
CKD (31,32) and ESKD (33–36).

Because of cardiovascular safety concerns with ESAs, the cardio-
vascular safety of HIF-PHIs has been carefully scrutinized by regula-
tors in the European Union and United States. Additional analyses
were thus performed in the CKD and dialysis populations to deter-
mine whether HIF-PHIs were noninferior to ESAs for cardiovascu-
lar safety (37,38).

These data were recently reviewed by a KDIGO controversies
conference. The consensus among conference participants is that
large trials of patients with nondialysis CKD to date have not con-
clusively demonstrated that HIF-PHIs are noninferior to placebo or
ESAs for cardiovascular safety (39). However, there was consensus
that, with the exception of roxadustat, HIF-PHIs met the criteria
for noninferiority in trials of patients receiving dialysis. Discordant
results in analysis of patients receiving incident dialysis and patients
receiving prevalent dialysis in roxadustat trials has generated persis-
tent concerns about the cardiovascular safety of roxadustat.

Other issues noted by KDIGO were as follows (39):

� HIF-PHIs have been associated with higher risk of thrombotic
events.

� HIF-PHI have not yet been shown to have a benefit on blood
pressure or kidney disease progression.

� HIF-PHI do not reduce the need for iron.

� HIF-PHI should not be used in polycystic kidney disease
because of HIF-pathway mediated cyst growth observed in
preclinical trials.

Because of concerns of cardiovascular safety, roxadustat has
not been approved in the United States, although daprodustat
has (GSK press release: Jesduvroq [daprodustat] approved by US
FDA for anemia of chronic kidney disease in adults on dialysis.
Available at: https://us.gsk.com/en-us/media/press-releases/jesduvroq-
daprodustat-approved-by-us-fda-for-anemia-of-chronic-kidney-disease-
in-adults-on-dialysis/ Accessed June 1, 2023).

Iron
Ferric citrate. Ferric citrate is a phosphate binder that was approved
by the US Food and Drug Administration in 2014 and shown to pro-
vide effective iron repletion (40,41). A phase intravenous multicenter
study including 202 patients showed acceptable safety profile, good
control of serum phosphorus, and improvement of iron parameters
with ferric citrate in patients with low baseline ferritin and TSAT
(40,41). The effect of ferric citrate on ESA dose was subsequently stud-
ied in a randomized trial (ASTRIO) (42). In ASTRIO, 93 patients
receiving hemodialysis were randomly assigned to receive 24weeks of
ferric citrate or continue non-iron-based phosphate binders. Compared
with non-iron-based phosphate binders, ferric citrate reduced the ESA
dose but did not change the hemoglobin concentration.

A meta-analysis including 16 randomized trial and 1754
patients assessed effectiveness safety and possible cost savings of fer-
ric citrate (43). Compared with other phosphate binders, ferric cit-
rate had a comparable effect on serum phosphate but improved
hemoglobin concentration. In eight studies, ferric citrate was cost
effective, and adverse effects were mild.

Ferric Pyrophosphate Citrate
Ferric pyrophosphate citrate is a water-soluble form of iron that may
be added to dialysate and provide iron directly to transferrin, thus
avoiding iron sequestration within macrophages (44). In a random-
ized trial (PRIME) including 103 patients receiving hemodialysis,
compared with placebo, the addition of ferric pyrophosphate citrate
to dialysate resulted in a 35% reduction in ESA dose and a 51%
decrease in intravenous iron use at 9months (44). A more recent
study demonstrated that ferric pyrophosphate could also be given
intravenously rather than added to dialysate (45). In this study, fer-
ric pyrophosphate was given intravenously to 27 patients during
dialysis via the pre- or post-dialyzer lines. This method was well tol-
erated and delivered a comparable amount of drug as was observed
with dialysis delivery. The intravenous delivery allows the use of
ferric pyrophosphate citrate during hemodiafiltration as well as
hemodialysis. Safety and adequate pharmacokinetics of intravenous
delivery were also demonstrated in 14 healthy individuals and
12 patients receiving hemodialysis (46). In a comparison of 26 Asian
and 65 non-Asian populations who received ferric pyrophosphate,
there were no pharmacokinetic differences observed (47). In a pro-
spective quality improvement project including 93 patients receiving
hemodialysis at a single center, the use of ferric pyrophosphate was
associated with higher hemoglobin levels, and lower ferritin and
ESA doses, suggesting more efficient erythropoiesis (48). The use of
ferric pyrophosphate is cost effective due to decreased use of ESAs
and intravenous iron. In one study of 100 patients receiving

4 Patients with ESKD who are exposed to higher
water lead concentrations have lower hemoglobin
and evidence of iron deficiency and are more
likely to require an ESA before dialysis.

4 Lead levels are higher in water sources serving
Black patients compared with White patients.
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hemodialysis, the use of ferric pyrophosphate resulted in cost savings
of $296,751 (49).

Liposomal (sucrosomial) iron. Liposomal (sucrosomial) iron is a
preparation of ferric pyrophosphate enclosed within a phospholipid
membrane that has been shown to be absorbed well from the gastro-
intestinal tract (50). Liposomal iron causes fewer gastrointestinal
side effects because the iron does not come into contact with the
intestinal mucosa. Liposomal iron has improved bioavailability
because it bypasses intestinal hepcidin-ferroportin (51). In a trial
including 99 patients with CKD, liposomal iron increased hemoglo-
bin to a comparable level as intravenous iron, though iron levels
were more stable after intravenous iron therapy (52). Use of this
oral preparation could provide significant cost and time saving (53).
A second trial including 24 patients receiving hemodialysis demon-
strated safety of sucrosomial iron but showed that, although hemo-
globin was stable on oral iron, iron indices (TSAT and ferritin) were
decreased compared with intravenous iron (54).

Other Treatments
PRS-080. PRS-080 is an engineered ligand-binding protein that has
been shown in a phase 1 trial to neutralize hepcidin (55). An intrave-
nous infusion of PRS-080 was administered to 48 healthy volunteers
and 24 patients with ESKD. Compared with placebo, PRS-080 sup-
pressed hepcidin in a dose-dependent fashion for approximately
48hours. TSAT and iron were both increased, with no observed
changes in ferritin reticulocytes, or hemoglobin suggesting mobiliza-
tion of iron.

Anti–Interleukin-6 ligand antibody. Interleukin (IL)–6 is an
inflammatory cytokine that induces hepcidin (56,57).

Ziltivekimab, an anti-IL-6 ligand antibody, was administered to
patients receiving hemodialysis selected for a single-nucleotide poly-
morphism that confers increased susceptibility to IL-6–mediated
inflammation (58). Patients who received ziltivekimab every 2weeks
for 12weeks had reduced levels of C-reactive protein, serum amyloid
A, and fibrinogen and were observed to determine whether a
decreased ESA dose was required. Compared with placebo, patients
receiving ziltivekimab had decreased ESA resistance, and increased
iron, TIBC, transferrin saturation, and albumin.

Sodium-glucose cotransporter 2 inhibitors. Sodium-glucose
cotransporter 2 (SGLT2) inhibitors have been shown in randomized
trials to increase hemoglobin (59). Other effects observed with
SGLT2s include increased EPO concentration, increased reticulo-
vyte counts, and decreases in hepcidin and ferritin, suggesting that
the SGLT2 effect is unrelated to hemoconcentration (39). Some
have suggested that the heart failure benefit and erythropoiesis may
share a common mechanism. There are multiple hypotheses as to
the mechanism underlying SGLT2-stimulated erythropoiesis
(60–71), but no one mechanisms has proved.

References
1. KDOQI; National Kidney Foundation: KDOQI clinical practice guide-

lines and clinical practice recommendations for anemia in chronic kidney
disease. Am J Kidney Dis 47[Suppl 3]: S11–S145, 2006 PubMed

2. Kovesdy CP, Davis JR, Duling I, Little DJ: Prevalence of anaemia in
adults with chronic kidney disease in a representative sample of the
United States population: Analysis of the 1999-2018 National Health
and Nutrition Examination Survey. Clin Kidney J 16: 303–311, 2022
PubMed

3. Farrington DK, Sang Y, Grams ME, Ballew SH, Dunning S, Stempnie-
wicz N, et al.: Anemia prevalence, type, and associated risks in a cohort
of 5.0 million insured patients in the United States by level of kidney
function. Am J Kidney Dis 81: 201–209.e1, 2023 PubMed

4. Minutolo R, Grandaliano G, Di Rienzo P, Snijder R, Degli Esposti L,
Perrone V, et al.: Prevalence, incidence, and treatment of anaemia in
patients with non-dialysis-dependent chronic kidney disease: Findings
from a retrospective real-world study in Italy. J Nephrol 36: 347–357,
2023 PubMed

5. Lopes MB, Tu C, Zee J, Guedes M, Pisoni RL, Robinson BM, et al.: A
real-world longitudinal study of anemia management in non-dialysis-
dependent chronic kidney disease patients: A multinational analysis of
CKDopps. Sci Rep 11: 1784, 2021 10.1038/s41598-020-79254-6
PubMed

6. Zaoui P, Courivaud C, Rostoker G, Choukroun G, Dubel L, Lorenzo
M, et al.: Management of anaemia in French dialysis patients: Results
from a large epidemiological retrospective study. Clin Kidney J 16: 501–
511, 2022 10.1093/ckj/sfac245 PubMed

7. Macdougall IC, White C, Anker SD, Bhandari S, Farrington K, Kalra
PA, et al.: PIVOTAL investigators and committees. N Engl J Med 380:
447-458, 2019.

8. Bernhardt WM, Wiesener MS, Scigalla P, Chou J, Schmieder RE,
G€unzler V, et al.: Inhibition of prolyl hydroxylases increases erythropoietin
production in ESRD. J Am Soc Nephrol 21: 2151–2156, 2010 PubMed

9. Wang GL, Jiang BH, Rue EA, Semenza GL: Hypoxia-inducible factor 1
is a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 ten-
sion. Proc Natl Acad Sci U S A 92: 5510–5514, 1995 PubMed

10. Babitt JL, Eisenga MF, Haase VH, Kshirsagar AV, Levin A, Locatelli F,
et al; Conference Participants: Controversies in optimal anemia manage-
ment: Conclusions from a Kidney Disease: Improving Global Outcomes
(KDIGO) Conference. Kidney Int 99: 1280–1295, 2021 PubMed

11. Batchelor EK, Kapitsinou P, Pergola PE, Kovesdy C, Jalal DI. Iron defi-
ciency in chronic kidney disease: Updates on pathophysiology, diagnosis
and treatment. J Am Soc Nephrol 31: 456, 2020.

12. Agarwal AK: Practical approach to the diagnosis and treatment of anemia
associated with CKD in elderly. J Am Med Dir Assoc 7[Suppl]: S7–S12,
quiz S17–S21, 2006 PubMed

13. Honda H, Kobayashi Y, Onuma S, Shibagaki K, Yuza T, Hirao K, et al.:
Associations among erythroferrone and biomarkers of erythropoiesis and
iron metabolism, and treatment with long-term erythropoiesis-stimulat-
ing agents in patients on hemodialysis. PLoS One 11: e0151601, 2016
10.1371/journal.pone.0151601 PubMed

14. Hanudel MR, Rappaport M, Chua K, Gabayan V, Qiao B, Jung G, et al.:
Levels of the erythropoietin-responsive hormone erythroferrone in mice
and humans with chronic kidney disease. Haematologica 103: e141–e142,
2018 10.3324/haematol.2017.181743 PubMed

15. Spoto B, Kakkar R, Lo L, Devalaraja M, Pizzini P, Torino C, et al.:
Serum erythroferrone levels associate with mortality and cardiovascular
events in hemodialysis and CKD patients: A two cohort study. J Clin
Med 8: 523, 2019 10.3390/jcm8040523 PubMed

16. Hanudel MR, Eisenga MF, Rappaport M, Chua K, Qiao B, Jung G,
et al.: Effects of erythropoietin on fibroblast growth factor 23 in mice
and humans. Nephrol Dial Transplant 34: 2057–2065, 2019. PubMed

17. David V, Martin A, Isakova T, Spaulding C, Qi L, Ramirez V, et al.:
Inflammation and functional iron deficiency regulate fibroblast growth
factor 23 production. Kidney Int 89: 135–146, 2016 PubMed

4HIF-PHIs effectively increase hemoglobin in
patients with CKD and ESKD.

4HIF-PHIs are not better than, and may be inferior
to ESAs, for cardiovascular outcomes.

154 Nephrology Self-Assessment Program - Vol 22, No 2, August 2023

https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16678659&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36755833&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36181996&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36370331&dopt=Abstract
https://doi.org/10.1038/s41598-020-79254-6
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33469061&dopt=Abstract
https://doi.org/10.1093/ckj/sfac245
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36865005&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21115615&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7539918&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33839163&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17098634&dopt=Abstract
https://doi.org/10.1371/journal.pone.0151601
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26978524&dopt=Abstract
https://doi.org/10.3324/haematol.2017.181743
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29419424&dopt=Abstract
https://doi.org/10.3390/jcm8040523
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30995819&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30007314&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26535997&dopt=Abstract


18. David V, Francis C, Babitt JL: Ironing out the cross talk between FGF23
and inflammation. Am J Physiol Renal Physiol 312: F1–F8, 2017 PubMed

19. Singh S, Grabner A, Yanucil C, Schramm K, Czaya B, Krick S, et al.:
Fibroblast growth factor 23 directly targets hepatocytes to promote inflam-
mation in chronic kidney disease. Kidney Int 90: 985–996, 2016 PubMed

20. Goyer RA, Rhyne BC: Pathological effects of lead. Int Rev Exp Pathol
12: 1–77, 1973 PubMed

21. Turgut S, Polat A, Inan M, Turgut G, Emmungil G, Bican M, et al.:
Interaction between anemia and blood levels of iron, zinc, copper, cad-
mium and lead in children. Indian J Pediatr 74: 827–830, 2007 PubMed

22. Recasens V, Monta~n�es A, Bustamante E: Lead poisoning as final diagno-
sis in a study of normocytic anemia. Int J Hematol 109: 135–136, 2019
PubMed

23. Blake KCH, Mann M: Effect of calcium and phosphorus on the gastro-
intestinal absorption of 203Pb in man. Environ Res 30: 188–194, 1983
PubMed

24. Barton JC, Conrad ME, Nuby S, Harrison L: Effects of iron on the absorp-
tion and retention of lead. J Lab Clin Med 92: 536–547, 1978 PubMed

25. Subha Palaneeswar M, Rajan PM, Santhi S, Jothimalar: Blood lead in
end-stage renal disease (ESRD) patients who were on maintainence hae-
modialysis. J Clin Diagn Res 6: 1633–1635, 2012 PubMed

26. Danziger J, Mukamal KJ, Weinhandl E: Associations of community
water lead concentrations with hemoglobin concentrations and erythro-
poietin-stimulating agent use among patients with advanced CKD. J Am
Soc Nephrol 32: 2425–2434, 2021 PubMed

27. Danziger J, Mukamal KJ: Levels of lead in residential drinking water and
iron deficiency among patients with end stage kidney disease. Kidney360
3: 1210–1216, 2022 PubMed

28. Nigra A, Navas-Acien A: Racial inequalities in drinking water lead expo-
sure: A wake-up call to protect patients with end stage kidney disease. J
Am Soc Nephrol 32: 2419-2421, 2021.

29. Shah YM, Xie L: Hypoxia-inducible factors link iron homeostasis and
erythropoiesis. Gastroenterology 146: 630–642, 2014 PubMed

30. Kushida N, Nomura S, Mimura I, Fujita T, Yamamoto S, Nangaku M,
et al.: Hypoxia-inducible factor-1a activates the transforming growth fac-
tor-b/SMAD3 pathway in kidney tubular epithelial cells Am J Nephrol
44: 276–285, 2016 PubMed

31. Fishbane S, El-Shahawy MA, Pecoits-Filho R, Pham Van B, Houser
MT, Frison L, et al.: Roxadustat for treating anemia in patients with
CKD not on dialysis: Results from a randomized phase 3 study. J Am
Soc Nephrol 32: 737–755, 2021.

32. Provenzano R, Szczech L, Leong R, Saikali KG, Zhong M, Lee TT, et al.:
Efficacy and cardiovascular safety of roxadustat for treatment of anemia
in patients with non-dialysis-dependent CKD: Pooled results of three
randomized clinical trials. Clin J Am Soc Nephrol 16: 1190–1200, 2021.

33. Shutov E, Sulowicz W, Esposito C, Tataradze A, Andric B, Reusch M,
et al.: Roxadustat for the treatment of anemia in chronic kidney disease
patients not on dialysis: A Phase 3, randomized, double-blind, placebo-
controlled study (ALPS). Nephrol Dial Transplant 36: 1629–1639, 2021.

34. Coyne DW, Roger SD, Shin SK, Kim SG, Cadena AA, Moustafa MA,
et al.: Roxadustat for CKD-related anemia in non-dialysis patients. Kid-
ney Int Rep 6: 624-635, 2020.

35. Singh AJ, Cizman B, Carroll K, McMurray JJV, Perkovic V, Vivekanand
J, et al.: Efficacy and safety of daprodustat for treatment of anemia of
chronic kidney disease in incident dialysis patients: A randomized clinical
trial. JAMA Intern Med 182: 592–602, 2022.

36. Coyne DW, Singh AK, Lopes RD, Bailey CK, DiMino TL, Huang C,
et al.: Three times weekly dosing of daprodustat versus conventional
epoetin for treatment of anemia in hemodialysis patients: ASCEND-TD:
A phase 3 randomized, double-blind, noninferiority trial. Clin J Am Soc
Nephrol 17: 1325–1336, 2022.

37. Winkelmayer WC, Walther CP: Cardiovascular safety of roxadustat in
CKD anemia: A fig leaf named noninferiority. Clin J Am Soc Nephrol 16:
1155–1157, 2021 PubMed

38. Takkavatakarn K, Thammathiwat T, Phannajit J, Katavetin P, Pradit-
pornsilpa K, Eiam-Ong S, et al.: The impacts of hypoxia-inducible factor

stabilizers on laboratory parameters and clinical outcomes in chronic kid-
ney disease patients with renal anemia: A systematic review and meta-
analysis. Clin Kidney J 16: 845–858, 2023 PubMed

39. Ku E, Del Vecchio L, Eckardt KU, Haase VH, Johansen KL, Nangaku
M, et al.: Novel anemia therapies in CKD: Conclusions from a Kidney
Disease: Improving Global Outcomes (KDIGO) Controversies Confer-
ence. Kidney Int May 24: S0085-2538(23)00379-4, 2023.

40. Ganz T, Bino A, Salusky IB: Mechanism of action and clinical attributes
of AuryxiaVR (Ferric Citrate). Drugs 79: 957–968, 2019 PubMed

41. Lee CT, Lee CC, Wu MJ, Chiu YW, Leu JG, Wu MS, et al.: Long-term
safety and efficacy of ferric citrate in phosphate-lowering and iron-repletion
effects among patients with on hemodialysis: A multicenter, open-label,
Phase IV trial. PLoS One 17: e0264727, 2022 PubMed

42. Yokoyama K, Fukagawa M, Akiba T, Nakayama M, Ito K, Hanaki K,
et al.: Randomised clinical trial of ferric citrate hydrate on anaemia man-
agement in haemodialysis patients with hyperphosphataemia: ASTRIO
study. Sci Rep 9: 8877, 2019.

43. Li L, Zheng X, Deng J, Zhou J, Ou J, Hong T: Ferric citrate for the
treatment of hyperphosphatemia and anemia in patients with chronic
kidney disease: A meta-analysis of randomized clinical trials. Ren Fail 44:
1112–1122, 2022 PubMed

44. Gupta A, Lin V, Guss C, Pratt R, Ikizler TA, Besarab A: Ferric pyrophos-
phate citrate administered via dialysate reduces erythropoiesis-stimulating
agent use and maintains hemoglobin in hemodialysis patients. Kidney Int
88: 1187–1194, 2015 PubMed

45. Marbury T, van Heuveln F, van der Horst E, Pratt RD: Pharmacokinet-
ics and safety of intravenous ferric pyrophosphate citrate: Equivalence to
administration via dialysate. J Clin Pharmacol 62: 681–688, 2022
PubMed

46. Gan L, Xie P, Tan Y, Wei G, Yuan X, Lu Z, et al.: Pharmacokinetics
and safety of ferric pyrophosphate citrate in chinese subjects with and
without hemodialysis-dependent stage 5 chronic kidney disease. Drugs R
D 22: 119–129, 2022 PubMed

47. Zhang L, Gan L, Li K, Xie P, Tan Y, Wei G, et al.: Ethnicity evaluation
of ferric pyrophosphate citrate among Asian and Non-Asian populations:
A population pharmacokinetics analysis. Eur J Clin Pharmacol 78: 1421–
1434, 2022 PubMed

48. Chait Y, Nathanson BH, Germain MJ: Individualized anemia manage-
ment enhanced by ferric pyrophosphate citrate protocol. Sci Rep 12:
20122, 2022 PubMed

49. Wang S, DellaFera L, Dhanani L, Malone B, Dutka P, Akerman M,
et al.: Institutional usage of ferric pyrophosphate citrate (FPC) delivered
via dialysate in reducing erythropoiesis stimulating agents (ESAs) and IV
iron cost. Hosp Pharm 57: 355–358, 2022 PubMed

50. Pergola PE, Fishbane S, Ganz T: Novel oral iron therapies for iron defi-
ciency anemia in chronic kidney disease. Adv Chronic Kidney Dis 26:
272–291, 2019 PubMed

51. Singh K, Sethi Chopra D, Singh D, Singh N: Nano-formulations in
treatment of iron deficiency anaemia: An overview. Clin Nutr ESPEN
52: 12–19, 2022 PubMed

52. Pisani A, Riccio E, Sabbatini M, Andreucci M, Del Rio A, Visciano B:
Effect of oral liposomal iron versus intravenous iron for treatment of iron
deficiency anaemia in CKD patients: A randomized trial. Nephrol Dial
Transplant 30: 645–652, 2015 PubMed

53. Riccio E, Sabbatini M, Capuano I, Pellegrino AM, Petruzzelli LA, Pisani
A: Oral SucrosomialVR iron versus intravenous iron for recovering iron
deficiency anaemia in ND-CKD patients: A cost-minimization analysis.
BMC Nephrol 21: 57, 2020 PubMed

54. Reggiani F, Colombo G, Astori E, Landoni L, Finazzi S, Milzani A, et al.:
Preliminary experience on the use of sucrosomial iron in hemodialysis:
Focus on safety, hemoglobin maintenance and oxidative stress. Int Urol
Nephrol 54: 1145–1153, 2022 PubMed

55. Renders L, Budde K, Rosenberger C, van Swelm R, Swinkels D, Del-
lanna F, et al.: First-in-human Phase I studies of PRS-080#22, a hepcidin
antagonist, in healthy volunteers and patients with chronic kidney disease
undergoing hemodialysis. PLoS One 14: e0212023, 2019 PubMed

Nephrology Self-Assessment Program - Vol 22, No 2, August 2023 155

https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27582104&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27457912&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4349348&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17901668&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30523501&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6687570&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=712193&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23373016&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34266982&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35919526&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24389303&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27607351&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34362784&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37151413&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31134521&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35239732&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35912897&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26154926&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34743348&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35380419&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35711066&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36418453&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35615489&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31477258&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36513444&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25395392&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32087684&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34510284&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30917125&dopt=Abstract


56. Ganz T: Anemia of inflammation. N Engl J Med 381: 1148–1157, 2019
PubMed

57. van Rhee F, Fayad L, Voorhees P, Furman R, Lonial S, Borghaei H,
et al.: Siltuximab, a novel anti-interleukin-6 monoclonal antibody, for
Castleman’s disease. J Clin Oncol 28: 3701–3708, 2010 PubMed

58. Pergola PE, Devalaraja M, Fishbane S, Chonchol M, Mathur VS, Smith
MT, et al.: Ziltivekimab for treatment of anemia of inflammation in
patients on hemodialysis: Results from a phase 1/2 multicenter, randomized,
double-blind, placebo-controlled trial. J Am Soc Nephrol 32: 211–222, 2021
PubMed

59. Packer M: Mechanisms of enhanced renal and hepatic erythropoietin
synthesis by sodium-glucose cotransporter 2 inhibitors. Eur Heart J Apr
22: ehad235. doi: 10.1093/eurheartj/ehad235, 2023.

60. Fuchs Andersen C, Omar M, Glenthøj A, El Fassi D, Møller HJ, Lind-
holm Kurtzhals JA, et al.: Effects of empagliflozin on erythropoiesis in
heart failure: Data from the Empire HF trial. Eur J Heart Fail 25: 226–
234, 2023 PubMed

61. Mazer CD, Hare GMT, Connelly PW, Gilbert RE, Shehata N, Quan
A, et al.: Effect of empagliflozin on erythropoietin levels, iron stores,
and red blood cell morphology in patients with type 2 diabetes melli-
tus and coronary artery disease. Circulation 141: 704–707, 2020
PubMed

62. Yamada T, Sakaguchi K, Okada Y, Miura H, Otowa-Suematsu N, So A,
et al.: Analysis of time-dependent alterations of parameters related to ery-
throcytes after ipragliflozin initiation. Diabetol Int 12: 197–206, 2020
PubMed

63. Kobayashi H, Davidoff O, Pujari-Palmer S, Drevin M, Haase VH:
EPO synthesis induced by HIF-PHD inhibition is dependent on myofi-
broblast transdifferentiation and colocalizes with non-injured nephron
segments in murine kidney fibrosis. Acta Physiol (Oxf) 235: e13826,
2022 PubMed

64. Kato S, Ochiai N, Takano H, Io F, Takayama N, Koretsune H, et al.:
TP0463518, a novel prolyl hydroxylase inhibitor, specifically induces
erythropoietin production in the liver. J Pharmacol Exp Ther 371: 675–
683, 2019 PubMed

65. Maruyama T, Takashima H, Oguma H, Nakamura Y, Ohno M, Utsu-
nomiya K, et al.: Canagliflozin improves erythropoiesis in diabetes
patients with anemia of chronic kidney disease Diabetes Technol Ther 21:
713–720, 2019 PubMed

66. Sano M, Goto S: Possible mechanism of hematocrit elevation by sodium
glucose cotransporter 2 inhibitors and associated beneficial renal and car-
diovascular effects. Circulation 139: 1985–1987, 2019 PubMed

67. Hare GMT, Zhang Y, Chin K, Thai K, Jacobs E, Cazorla-Bak MP, et al.:
Impact of sodium glucose linked cotransporter-2 inhibition on renal
microvascular oxygen tension in a rodent model of diabetes mellitus. Phy-
siol Rep 9: e14890, 2021 PubMed

68. Zanchi A, Burnier M, Muller ME, Ghajarzadeh-Wurzner A, Maillard M,
Loncle N, et al.: Acute and chronic effects of SGLT2 inhibitor empagli-
flozin on renal oxygenation and blood pressure control in nondiabetic
normotensive subjects: A randomized, placebo-controlled trial. J Am
Heart Assoc 9: e016173, 2020 PubMed

69. Bahena-Lopez JP, Rojas-Vega L, Ch�avez-Canales M, Bazua-Valenti S,
Bautista-P�erez R, Lee JH, et al.: Glucose/fructose delivery to the distal
nephron activates the sodium-chloride cotransporter via the calcium-sens-
ing receptor. J Am Soc Nephrol 34: 55–72, 2023 PubMed

70. Packer M: Alleviation of functional iron deficiency by SGLT2 inhibition
in patients with type 2 diabetes. Diabetes Obes Metab 25: 1143–1146,
2023 PubMed

71. Noonan ML, Clinkenbeard EL, Ni P, Swallow EA, Tippen SP, Agoro R,
et al.: Erythropoietin and a hypoxia-inducible factor prolyl hydroxylase
inhibitor (HIF-PHDi) lowers FGF23 in a model of chronic kidney dis-
ease (CKD). Physiol Rep 8: e14434, 2020 PubMed

156 Nephrology Self-Assessment Program - Vol 22, No 2, August 2023

https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31532961&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20625121&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33272965&dopt=Abstract
https://doi.org/10.1093/eurheartj/ehad235
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36377106&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31707794&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33786274&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35491502&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31585986&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31385724&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31009585&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34184431&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32567439&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36288902&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36583283&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32476270&dopt=Abstract

