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Treatment of Anemia in Kidney Disease:
Beyond Erythropoietin
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Anemia is common in patients with chronic kidney disease. Treatment with erythropoiesis-stimulating

agents has decreased transfusion rates, but has not been consistently shown to improve cardiovascular

outcomes or quality of life. Moreover, treatment to hemoglobin levels normal for the general population

(13–14 g/dL) has resulted in increased cardiovascular morbidity and mortality versus lower hemoglobin

targets, and some patients with chronic kidney disease do not reach these lower hemoglobin targets

despite escalating doses of erythropoiesis-stimulating agents. The pathophysiology of anemia in patients

with chronic kidney disease has been informed by the discovery of hypoxia-inducible factor and hepcidin

pathways. Recent innovations in anemia treatment leverage knowledge of these pathways to effectively

raise hemoglobin levels independent of erythropoiesis-stimulating agent administration. Several agents

that stabilize hypoxia-inducible factor are undergoing or have completed phase 3 clinical trials. These

agents appear to have equal efficacy as erythropoiesis-stimulating agents in raising hemoglobin levels

and have not been associated with major safety signals to date. Because of the potential for off-target

effects from non–anemia-related gene transcription by hypoxia-inducible factor stabilization, longer-

term follow-up studies and registries will be needed to ensure safety. Agents that modulate hepcidin

have undergone early clinical trials with mixed results regarding safety and efficacy in increasing he-

moglobin levels. Sodium–glucose cotransporter 2 inhibitors, which also decrease hepcidin levels, have

been associated with increased hemoglobin levels among patients with chronic kidney disease in clinical

trials exploring proteinuria and kidney disease progression.
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Anemia in CKD: Prevalence and

Pathophysiology

Anemia is common in patients with chronic kidney
disease (CKD)1,2 and is associated with increased risk of
cardiovascular events and hospitalization,3,4 progres-
sion to end-stage kidney disease,4 death,4,5 and
decreased quality of life.3,4 On the basis of data from
the United States (US) National Health and Nutrition
Examination Survey in 2007–2008 and 2009–2010 and
the World Health Organization’s definition of anemia as
hemoglobin (Hb) < 13 g/dl in men and < 12 g/dl in
women, anemia is twice as prevalent in people with
CKD (15.4%) as in the general population (8.4%).1 The
prevalence of anemia increases with stage of CKD, with
8.4% at stage 1, 12.2% at stage 2, 17.4% at stage 3,
50.3% at stage 4, and 53.4% at stage 5.1 Among US
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patients aged 65 to 88 years, the incidence of anemia
increases with stage of CKD: 43.9% at stage 3 CKD,
64.0% at stage 4, and 72.8% at stage 5.2 Because the
kidneys are the major source of erythropoietin (EPO),
the hormone responsible for the production of red
blood cells (RBCs) by the bone marrow, anemia of CKD
was originally thought to simply represent a condition
of EPO deficiency due to the loss of EPO-producing
cells.

The US Food and Drug Administration approval of
recombinant human EPO in 1989 held promise that a
safe and effective treatment for the anemia of CKD
would universally decrease the morbidity and mortal-
ity associated with the condition. Recombinant human
EPO and its derivatives, collectively known as
erythropoiesis-stimulating agents (ESAs), did not live
up to this promise due to safety issues and blunted
efficacy in some patients.

Although a variety of agents stimulate erythropoi-
esis and could technically be classified as ESAs, the
term ESAs in this review will be reserved for phar-
macologic agents that directly interact with the EPO
receptor. When used to target normal (13–14 g/dl) as
Kidney International Reports (2021) 6, 2540–2553
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opposed to subnormal (9–11 g/dl) Hb levels, treatment
with ESAs was associated with increased cardiovascu-
lar events in hemodialysis (HD)10 and non–dialysis-
dependent (NDD) patients with CKD.7,8 The Food and
Drug Administration released an announcement in
2011 recommending more conservative dosing of ESAs
in anemic patients with CKD,9 which is reflected in a
revised boxed warning for the drugs.10 Anemia of CKD
is now understood to be multifactorial in nature,
including decreased EPO production, iron deficiency,
inflammation, blood loss, and reduced RBC survival.

ESA-Hyporesponsiveness

Since randomized controlled trials targeting normal
versus subnormal Hb levels with ESAs6-8 were
designed to examine target Hb level versus outcomes
rather than ESA dose versus outcomes, the linking of
adverse outcomes with high ESA dose can be inter-
preted as an association, not cause-and-effect. A post
hoc analysis of the Correction of Hemoglobin with
Epoetin Alfa in Chronic Kidney Disease (CHOIR)7 study
revealed that high-dose epoetin was associated with a
significant increased risk of the primary end point
(death, myocardial infarction, congestive heart failure,
and stroke) irrespective of the patient’s target Hb
assignment or achieved Hb level. There was no risk
associated with the higher target Hb (13.5 g/dl) if that
target was achieved in the CHOIR study11; nonetheless,
potential harm of higher achieved Hb level cannot be
excluded.

It remains unclear whether poorer outcomes among
patients failing to achieve target Hb levels with ESA
treatment (ESA-hyporesponsiveness) are due to the
comorbidities that may be contributing to the ESA-
hyporesponsiveness or due to toxicity of ESAs. The
association among ESA-hyporesponsiveness, major
adverse cardiovascular events (MACEs), and all-cause
mortality has been reported in observational
studies,12–16 but confounding by comorbidities and
indication cannot be completely excluded.

The causes of ESA-hyporesponsiveness were
reviewed by Ogawa et al.,17 the most common being
iron deficiency, which can be absolute or functional.
Absolute iron deficiency is defined as transferrin
saturation (TSAT) < 20%, serum ferritin < 100 ng/ml
in NDD-CKD and peritoneal dialysis patients and <
200 ng/ml in HD patients; it generally responds to
oral or i.v. iron supplementation.18 Functional iron
deficiency is associated with TSAT < 20% and serum
ferritin higher than those noted above, it is more
challenging to overcome, and our understanding of
its physiologic basis has provided insight to the
development of new approaches to treating anemia of
CKD.
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Hepcidin

Hepcidin, a peptide produced in the liver, was
discovered in 2000 and is the key regulator of iron use,
recycling, and transport.19–21 Its physiologic role is to
protect the organism against iron overload and to
sequester iron in storage sites in the presence of
infection by siderophilic pathogens. Hepcidin synthe-
sis is stimulated by inflammation and increased storage
iron and is decreased by iron deficiency and erythro-
poiesis. Inflammatory cytokines, especially interleukin
6 (IL-6), stimulate synthesis of hepcidin, which, by
internalizing the ferroportin iron exporter on duodenal
enterocytes and macrophages, leads to decreased iron
absorption by the gut and decreased iron release from
storage sites in the liver and spleen. This results in
functional iron deficiency with less circulating iron
available for erythropoiesis (represented by low TSAT)
and increased storage iron (represented by high
ferritin).

Because CKD is an inflammatory condition itself and
may be compounded by conditions associated with
inflammation, such as diabetes, heart failure, and the
HD procedure, hepcidin levels are elevated in patients
with CKD and rise as the CKD stage advances.22,23

Higher hepcidin levels in patients with CKD are asso-
ciated with higher serum ferritin and lower Hb
levels.23

Erythroferrone is produced by RBC precursors in
the bone marrow in response to EPO stimulation and
leads to downregulation of hepcidin synthesis.24

Although ESA treatment has been to shown to
decrease hepcidin levels in patients with CKD,23 it is
not clear why ESA-induced stimulation of eryth-
roferrone does not overcome the hepcidin-induced
functional iron deficiency that may lead to ESA-
hyporesponsiveness in many anemic patients with
CKD. The pathophysiology of hepcidin in CKD is
summarized in Figure 1.

Hypoxia-Inducible Factor

A second breakthrough in our understanding of the
pathophysiology of anemia in CKD was the elucidation
of the hypoxia-inducible factor (HIF) pathway in the
late 1990s by Kaelin and Ratcliffe25 and Semenza,26 who
shared the 2019 Nobel Prize in Physiology and Medi-
cine for this discovery. The HIF family is central to the
cellular, tissue, and systemic response to decreases in
oxygen availability.25,26 The spectrum of responses to
hypoxia includes angiogenesis, ventilation, adenosine
5ʹ-triphosphate production, and the switch from aero-
bic to anaerobic metabolism. The HIF pathway also has
a central role in the entirety of the erythropoietic
response to hypoxia, including EPO stimulation and
iron mobilization.
2541
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Figure 1. Hepcidin pathway. CKD, chronic kidney disease; IL-6, interleukin 6; Fe, iron.
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In healthy adults, peritubular cells in the cortico-
medullary area of the kidneys are responsible for EPO
production; in patients with CKD, EPO production may
be augmented by perisinusoidal hepatic cells.27 The
location of renal EPO-producing cells in a zone of the
kidney with relative hypoxia makes them sensitive to
small decreases in oxygen content, leading to an in-
crease in HIF, increased transcription of the EPO gene,
increased levels of circulating EPO, and increased
erythropoiesis.

HIF has 3 isoforms, HIF-1, HIF-2, and HIF-3, each of
which contains an a-subunit unique to the isoform and
a common b-subunit. The controlling isoform for EPO
production is HIF-2. HIF-2 also stimulates iron ab-
sorption in the duodenum by increasing the tran-
scription of genes that encode for proteins augmenting
iron transport, including divalent metal transporter 1
and duodenal cytochrome B. HIF-1 augments the
transcription of additional genes that encode proteins
involved in iron mobilization, including ceruloplasmin
and transferrin.28

HIF activation increases the expression of EPO and
transferrin receptors on erythroblasts and decreases
apoptosis of erythroid progenitors in the bone
marrow.29 The pathophysiology of decreased EPO
production in patients with CKD appears to be due
more to abnormalities in oxygen sensing than by a loss
of renal EPO-producing cells.30 Decreased renal blood
flow and anemia as CKD progresses lead to diminished
oxygen delivery to the kidneys. The diminished
glomerular filtration rate results in a decrease in filtered
sodium and decreased tubular sodium reabsorption
which decreases oxygen utilization. Despite the
2542
hypoxia caused by CKD anemia, the simultaneous
decreased oxygen use by the kidneys results in no
change or an increase in local oxygen sensed by the
renal EPO-producing cells,27,31 which is compounded
by the loss of renal EPO-producing cells due to
parenchymal fibrosis.32 The multiple factors contrib-
uting to anemia in CKD are illustrated in Figure 2.

Anemia in CKD: New Approaches to Treatment

Our understanding of the roles of hepcidin and HIF in
the pathogenesis of CKD anemia has led to the devel-
opment of innovative approaches to anemia treatment.
Despite the important role of absolute and functional
iron deficiency in CKD anemia, this review will not
discuss newer oral, i.v., and dialysate-delivered iron
preparations and will focus on interventions that
leverage the HIF and hepcidin pathways.

HIF Stabilizers

The HIF-a and HIF-b subunits form a heterodimer and
travel to the cell nucleus to induce transcription of HIF-
responsive element genes. In the presence of oxygen,
which activates a prolyl hydroxylase (PH) enzyme, HIF-
a undergoes hydroxylation of 2 proline residues that
target it for degradation. In the absence of oxygen, HIF-
a escapes degradation and is available to dimerize with
HIF-b, which is continuously available. An essential
cofactor for this PH is 2-oxaglutarate. Small-molecule
orally administered analogues of 2-oxaglutarate have
been shown to inactivate HIF-PH in the presence of
oxygen and thus function as HIF stabilizers. On the basis
of this mechanism of action, these compounds are
known as HIF-PH inhibitors (HIF-PHIs).31,33–35
Kidney International Reports (2021) 6, 2540–2553
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Figure 2. Pathophysiology of anemia in chronic kidney disease. EPO, erythropoietin; Fe, iron; O2, oxygen; RBC, red blood cell.
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PH has 3 domains: PHD-1, PHD-2, and PHD-3, and
the HIF-PHIs under development have differing spec-
ificities for these PHDs.35,36 Phase 3 programs with 6
HIF-PHIs are ongoing or have been completed. The
pharmacologic characteristics of these agents are sum-
marized in Table 1.34,35 As of this writing, 4 agents
have been licensed in Japan: roxadustat, vadadustat,
daprodustat, and enarodustat. Roxadusat is licensed in
China and Chile. Because of their effects on transcrip-
tion of genes related to iron absorption, mobilization,
and transport, as well as their indirect suppression of
hepcidin though erythroferrone, HIF-PHIs would be
expected to decrease ferritin and hepcidin and increase
serum iron (Figure 3).33

A 2021 meta-analysis of 12 phase 2 and 3 randomized
controlled trials of HIF stabilizers in patients with
NDD-CKD with placebo and active controls37 demon-
strated statistically significant changes in TSAT%
(�4.51), ferritin (�47.29 ng/ml), hepcidin (�0.94 ng/
ml), and total iron binding capacity (TIBC; þ9.15 mg/
dl), with no change in serum iron versus the compar-
ator. Another 2021 meta-analysis of 15 phase 2 and 3
trials of these agents38 demonstrated reduction in
serum ferritin (P < 0.01) among dialysis-dependent
(DD-CKD) versus control participants but not among
NDD-CKD patients (P ¼ 0.11). Hepcidin reduction
versus control in DD-CKD was not significant for the
group of HIF-PHIs (P ¼ 0.15) but was significant for
roxadustat (P < 0.01). In NDD-CKD, hepcidin reduc-
tion versus control was significant for the group of
HIF-PHIs (P < 0.05).

A 2021 meta-analysis of 19 studies of HIF-PHIs in
patients with NDD-CKD39 demonstrated all 6 HIF-PHIs,
except vadadustat, increased Hb levels significantly
Kidney International Reports (2021) 6, 2540–2553
compared with placebo, and all HIF-PHIs demonstrated
noninferior efficacy to ESAs. An excessive risk of all-
cause mortality with HIF-PHIs was not found. Phase
3 global trials including the US have been completed
for roxadustat and vadadustat as of this writing and are
nearing completion for daprodustat. Efficacy (Hb in-
crease) and safety (MACEs) have been evaluated by
comparisons with placebo (in NDD-CKD patients) or
ESA (in NDD- and DD-CKD patients). Robust statistical
assessment of MACEs (all-cause mortality, nonfatal
myocardial infarction, and nonfatal stroke) has
required large numbers of participants monitored $ 2
years to determine whether HIF-PHIs share the risks of
ESAs.6-8

Roxadustat. A phase 3 study from China of 305 DD-
CKD patients randomized to roxadustat versus epoe-
tin demonstrated noninferior efficacy and similar
adverse events in the 2 arms, except for an increased
incidence of hyperkalemia with roxadustat.40 A phase
3 study of 154 NDD-CKD patients randomized to rox-
adustat versus placebo demonstrated a significant Hb
increase of ~2 g/dl greater than placebo.41 Adverse
events were similar in the 2 arms, except for an
increased incidence of hyperkalemia and metabolic
acidosis with roxadustat.41 Earlier-phase studies of
HIF-PHIs also reported hyperkalemia,42–44 the mecha-
nism of which is not understood.

A phase 3 study from Japan45 of 99 ESA-naïve
partially iron-depleted NDD-CKD patients with mean
baseline Hb 9.82 g/dl treated with roxadustat
demonstrated an overall response rate of 97% (Hb >
10.0 g/dl) and 94.9% (Hb > 10.5 g/dl). Nasophar-
yngitis and hypertension were the most common
adverse events.
2543



Table 1. Hypoxia-inducible factor stabilizers under developmenta

Variable Daprodustat Desidustat Enarodustat Molidusat Roxadustat Vadadustat

Investigational designation GSK1278863 ZYAN1 JTZ-951 BAY 85-3934 FG-4592
ASP1517
AZD9941

AKB-6548
MT-6548

PHD isoform specificity PHD2 > PHD1 > PHD3 Not reported PHD3 > PHD2 > PHD1 PHD2>PHD1>PHD3 PHD1 > PHD3 > PHD2 PHD2 > PHD1 > PHD3

Effective half-life (h) 2.25 7.0–11.4 8.96 4–10 12–15 4.9–9.1

Dosing interval Daily Daily Daily Daily 3 times weekly Daily

PHD, prolyl hydroxylase domain.
aAdapted from Sanghani and Haase34 and Haase.35
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A 2020 meta-analysis of 6 phase 2 and 3 studies of
roxadustat revealed increased transferrin levels versus
placebo and epoetin, decreased ferritin and TSAT
versus control in NDD-CKD but not DD-CKD patients,
and decreased hepcidin versus control in all patients.46

A 2021 meta-analysis of 8 phase 2 and 3 studies of
roxadustat demonstrated significant increases versus
control (placebo and ESAs) in TIBC (P < 0.00001) and
serum iron level (P ¼ 0.05), and significant reductions
in hepcidin (P < 0.0001) and ferritin (P < 0.00001).47

The global phase 3 program for roxadustat includes
4 studies in NDD-CKD patients: Treatment of Anemia
in Chronic Kidney Disease Patients Not Requiring
Dialysis (ALPS), A Study of FG-4592 for the Treatment
of Anemia in Chronic Kidney Disease Patients Not
Figure 3. Hypoxia-inducible factor (HIF) pathway. DcytB, duodenal cytoc
oxygen; PH, prolyl hydroxylase. Reproduced from Gupta and Wish.33
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Receiving Dialysis (ANDES), and Safety and Efficacy
Study of Roxadustat to Treat Anemia in Patients With
Chronic Kidney Disease (CKD), Not on Dialysis
(OLYMPUS) using placebo control; Roxadustat in the
Treatment of Anemia in Chronic Kidney Disease (CKD)
Patients, Not on Dialysis, in Comparison to Darbepoetin
Alfa (DOLOMITES) using ESA control; and 4 studies in
DD-CKD patients: Safety and Efficacy Study for
Treatment of Anemia in ESRD Newly Initiated Dialysis
Patients (Himalayas), Safety and Efficacy Study of
Roxadustat to Treat Anemia in Patients With Chronic
Kidney Disease, on Dialysis (ROCKIES), and Evaluation
of Efficacy and Safety of Roxadustat in the Treatment
of Anemia in Stable Dialysis Subjects (SIERRAS] using
epoetin control, and Roxadustat in the Treatment of
hrome B; DMT, divalent metal transporter; EPO, erythropoietin; O2,

Kidney International Reports (2021) 6, 2540–2553
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Anemia in End Stage Renal Disease (ESRD) Patients on
Stable Dialysis (PYRENEES) using epoetin or darbe-
poetin control.

The first 2 publications48,49 from the roxadustat
global phase 3 program appeared in KI Reports in 2021,
accompanied by an editorial.50 In the ANDES study of
NDD-CKD patients,48 915 patients were randomized 2:1
to roxadustat or placebo. The mean Hb change from
baseline over weeks 28 to 52 was significantly greater
for roxadustat (mean, 2.00 g/dl) than placebo (0.16 g/dl;
P < 0.0001), the portion of patients achieving an Hb
response (Hb $ 11.0 g/dl and increase $ 1.0 g/dl for
baseline > 8.0 g/dl or increase> 2.0 g/dl for baseline#
8.0 g/dl) was 95% for roxadustat and 6.6% for placebo
(P < 0.0001), and fewer patients receiving roxadustat
(8.9%; placebo, 28.9%) required rescue therapy (RBC
transfusion, ESA, or i.v. iron) at week 52 (hazard ratio
[HR], 0.19; P < 0.0001). Treatment-emergent adverse
events (TEAEs) and treatment-emergent serious
adverse events (TESAEs) were comparable between the
2 groups.

In the OLYMPUS study of NDD-CKD patients,51

2781 patients were randomized 1:1 to roxadustat or
placebo. The mean Hb change from baseline over
weeks 28 to 52 was significantly larger for roxadustat
(mean 1.75 g/dl) than placebo (0.40 g/dl; P < 0.01).
Among 411 patients with elevated baseline high-
sensitivity C-reactive protein, the Hb change from
baseline was 1.75 g/dl with roxadustat versus 0.62 g/dl
with placebo (P < 0.001). Roxadustat reduced the risk
of RBC transfusion by 63% versus placebo. TEAEs
were comparable between the 2 groups.

In the pooled analysis of ALPS, ANDES, and
OLYMPUS, efficacy results were similar to the indi-
vidual studies noted above, and the increase in Hb was
not affected by iron status.52 The time to first MACE in
the NDD-CKD pooled analysis was noninferior for
roxadustat versus placebo (HR, 1.08; 95% CI, 0.94–
1.24), and the overall rate of TEAEs and TESAEs was
similar between the 2 arms. The rate of hyperkalemia
was 10.9% with roxadustat versus 7.1% with placebo.
The increase in Hb levels among roxadustat-treated
patients was similar irrespective of baseline high-
sensitivity C-reactive protein level52 and was not
influenced by iron status.53 In one of these NDD-CKD
studies, roxadustat-treated patients experienced a
29.9% decrease in hepcidin versus a 4% decrease
among patients in the placebo group.52 In the DOLO-
MITES study of NDD-CKD patients using active ESA
control, roxadustat demonstrated noninferiority in Hb
correction and blood pressure control with superiority
in low-density lipoprotein cholesterol reduction and
time to first i.v. iron use during first 36 weeks of
therapy (HR, 0.46; P ¼ 0.006).54
Kidney International Reports (2021) 6, 2540–2553
The pooled analysis of global phase 3 studies of
roxadustat in DD-CKD patients52,55 includes HIMA-
LAYAS, ROCKIES, and SIERRAS studies with 3950
patients monitored for a mean of 1.71 years in the
roxadustat-treated group and 1.92 years in the epoetin-
treated group. Although the roxadustat-treated pa-
tients experienced a greater Hb increase, this may have
reflected different dose titration protocols in the 2
arms. Blood transfusions were fewer in the roxadustat-
treated patients (P ¼ 0.046), and there was 11%
reduction in i.v. iron treatment in the roxadustat-
treated patients, which also may have reflected
different iron management protocols in the 2 arms. The
time to first MACEs was similar between roxadustat-
and epoetin-treated patients, (HR, 1.02; 95% CI, 0.88–
1.20). In a prespecified subanalysis of 1530 incident
(randomized during first 4 months of dialysis) DD-CKD
patients, treatment with roxadustat demonstrated
noninferiority for MACEs (HR, 0.82; 95% CI, 0.60–
1.11), MACEs plus hospitalization for heart failure and
unstable angina (HR, 0.78; 95% CI, 0.59–1.02), and all-
cause mortality (HR, 0.82; 95% CI, 0.57–1.18).49,55

Among DD-CKD patients in the pooled analysis, the
rate of adverse events and hyperkalemia was similar in
the 2 groups, although arteriovenous fistula thrombosis
rate (5.2 vs. 3.9 per 100 patient-years), deep vein
thrombosis (0.7 vs. 0.2 patient-years), and seizures
(2.0% vs. 0.7%) were all higher in the roxadustat-
versus epoetin-treated patients, respectively.53

In the European PYRENEES phase 3 study of 838
DD-CKD patients treated with roxadustat or ESA for 52
to 104 weeks, roxadustat demonstrated noninferiority
in maintaining stable Hb levels and superiority in low-
density lipoprotein cholesterol reduction from baseline
and reduction in i.v. iron use. However, there were
imbalances in the occurrence of TESAEs leading to
patient death and withdrawal over time, with HRs fa-
voring ESA treatment. None of these safety differences
could be explained by baseline disease factors.56

A cost-effectiveness analysis of roxadustat was per-
formed by the Institute for Clinical and Economic Re-
view in March 2021.57 Key policy recommendations are
summarized in Table 2.57

Vadadustat. A 52-week phase 3 study of vadadustat
versus darbepoetin among 323 DD-CKD patients in
Japan revealed efficacy noninferiority for vadadustat
and no safety concerns.58 In an open-label phase 3, 24-
week study of 42 Japanese peritoneal dialysis patients,
vadadustat was well-tolerated and maintained target
Hb levels.59 The global phase 3 program for vadadustat
includes Efficacy and Safety Study to Evaluate Vada-
dustat for the Maintenance Treatment of Anemia in
Subjects With Dialysis-dependent Chronic Kidney
2545



Table 2. Key policy recommendations from the institute for clinical
and economic review regarding roxadustat57

� Clinicians should follow the principle of shared decision making to ensure that the
values of patients with diverse needs and perspectives on risks and benefits of different
treatments are at the heart of all treatment decisions

� Clinicians should have decision support tools and invest the time needed for shared
decision making given the uncertainty and potential variability in patients’ values about
an oral treatment option for anemia in chronic kidney disease

� Given the level of uncertainty about the benefits vs. harms and the long-term effect of
using roxadustat compared with ESAs, we strongly suggest a mandate for a registry or
other rapid and comprehensive postmarketing assessment

� The manufacturer and researchers should avoid focusing primarily on hemoglobin
levels and the need for transfusion. Future research should expand outcomes
measured to include patient-relevant outcomes, such as quality of life, functional
status, fatigue, overall cardiovascular events, and mortality, in addition to the need for
transfusion

� Researchers should conduct real-world comparative studies of roxadustat vs. ESAs that
evaluate a broad set of patient subgroups, including ethnic and racially diverse
populations and those who are hyporesponsive to ESAs

� Given the mechanism of action for roxadustat, patients were excluded from clinical
trials if they had acute coronary syndrome, acute stroke, acute seizure, or thrombotic
event within the last 12 weeks. Until further data are gathered, clinicians should
consider delaying treatment with roxadustat for patients with this clinical scenario

� Given that the evidence is not adequate to distinguish clinical benefit and that there are
more data and years of clinical experience with ESAs, some payers may wish to
consider stepping through ESAs if they are substantially lower priced than roxadustat
before obtaining coverage for a more expensive option

ESAs, erythropoiesis-stimulating agents.
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Disease (DD-CKD) (INNO2VATE) for DD-CKD patients60

and Efficacy and Safety Study to Evaluate Vadadustat
for the Correction of Anemia in Subjects With Non-
dialysis-dependent Chronic Kidney Disease (NDD-
CKD) (PRO2TECT) for NDD-CKD patients.61

The INNO2VATE program includes 2 studies, 1 in
incident and 1 in prevalent DD-CKD patients using
darbepoetin comparator, totaling 3923 individuals.62

The Hb level in both studies was lower with vadadu-
stat at 24 to 36 and 40 to 52 weeks, but this may have
reflected different dose titration protocols in the 2
arms. In the pooled INNO2VATE analysis of cardio-
vascular safety, vadadustat was noninferior for a first
MACE event (HR, 0.96; 95% CI, 0.83–0.11) and time to
expanded MACE (MACE plus hospitalization for heart
failure or thromboembolic event excluding vascular
access thrombosis; HR, 0.96; 95% CI, 0.84–1.10). There
were no clinically meaningful differences in TEAEs or
TESAEs between vadadustat- and darbepoetin-treated
individuals.

The PRO2TECT program includes 2 studies with
darbepoetin comparator, 1 in ESA-naïve patients and 1
in ESA-treated patients, with a total of 3476 NDD-CKD
patients.63 The Hb target was 10 to 11 g/dl among US
subjects and 10 to 12 g/dl among non-US subjects.
Vadadustat demonstrated noninferior efficacy
compared with darbepoetin. The primary safety end
point was MACEs (time frame from baseline visit to end
of study, event driven, minimum 1 year). A first pooled
MACE occurred in 22% of vadadustat-treated patients
and in 19.9% of darbepoetin-treated patients (HR, 1.17;
2546
95% CI, 1.01–1.36), which did not meet the pre-
specified margin for safety noninferiority. All increases
in MACE risk occurred in the non-US study popula-
tion. Whether this discrepancy was related to the dif-
ference in Hb targets between US patients and non-US
patients or other factors is unclear.

Daprodustat. A meta-analysis of 8 phase 2 daprodu-
stat studies in NDD- and DD-CKD patients versus pla-
cebo or ESA revealed daprodustat to be superior in
efficacy to placebo and noninferior to ESA. Iron
metabolism indices were improved significantly with
daprodustat versus placebo or ESA. TESAEs were
comparable to placebo and lower than ESAs. There was
no trend of increasing plasma vascular endothelial
growth factor among daprodustat-treated in-
dividuals.64 Despite its relatively short half-life
(Table 1), a 29-day phase 2 study of daprodustat in
103 HD patients demonstrated efficacy of daprodustat
when administered 3-times weekly at approximately
twice the daily dose.65

In a phase 3 study in Japan, 271 HD patients were
randomized to continue darbepoetin or conversion to
daprodustat with a 52-week follow-up.66 Hb was
maintained equally with daprodustat versus darbe-
poetin. Iron treatment (i.v.) was required in 32% of
patients receiving daprodustat versus 43% receiving
darbepoetin. In a 52-week phase 3 study in Japan of
299 NDD-CKD patients with anemia randomized to
daprodustat or epoetin beta pegol, daprodustat
demonstrated noninferiority in maintaining target Hb
levels and no meaningful difference in frequency of
TEAEs.67

The global phase 3 program for daprodustat includes
5 Anemia Studies in Chronic Kidney Disease (CKD):
Erythropoiesis Via a Novel Prolyl Hydroxylase Inhib-
itor (PHI) Daprodustat (ASCEND) studies68: ASCEND in
Incident Dialysis (ASCEND-ID) (330 incident dialysis
patients, daprodustat administered daily, comparator
darbepoetin), ASCEND-Three-times Weekly Dosing in
Dialysis (ASCEND-TD) (407 HD patients, daprodustat
administered 3-times weekly, comparator epoetin or
placebo), ASCEND in Non-Dialysis Subjects Evaluating
Hemoglobin (Hgb) and Quality of Life (ASCEND-NHQ)
(600 NDD-CKD patients, daprodustat administered
daily, comparator placebo), ASCEND-dialysis
(ASCEND-D) (2964 HD patients, daprodustat adminis-
tered daily, comparator epoetin), and ASCEND-Non-
Dialysis (ASCEND-ND) (4000 NDD-CKD patients, dap-
rodustat administered daily, comparator darbepoetin).

Molidustat. The 16-week phase 2 DIALOGUE (DaIly
orAL treatment increasing endOGenoUs Erythropoi-
etin) studies of molidustat69 revealed efficacy in raising
Hb levels to target range and tolerance using placebo
Kidney International Reports (2021) 6, 2540–2553
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(NDD-CKD) or ESA comparators (NDD- and DD-CKD).
In anemia treatment–naïve patients receiving molidu-
stat, concentrations of TSAT, hepcidin, and iron
decreased with molidustat, whereas TIBC increased. In
previously ESA-treated HD patients, hepcidin and
TIBC remained stable with molidustat, whereas TSAT,
ferritin, and iron increased.70 Three 36-month exten-
sion studies showed molidustat was well tolerated and
of comparable efficacy to ESAs.71

The phase 3 MIYABI (MolIdustat once dailY im-
proves renal Anaemia By Inducing erythropoietin)
program for molidustat includes 3 studies in DD-CKD
patients: Hb correction in ESA-naïve patients
(MIYABI-C), Hb maintenance in ESA-treated patients
(MYABI-M), and peritoneal dialysis patients (MYABI-
PD)72; and 2 studies in NDD-CKD patients: Hb correc-
tion in ESA-naïve patients (MIYABI ND-C), and Hb
maintenance in ESA-treated patients (MIYABI ND-
M).73 In the MYABI-M study, 229 patients were ran-
domized to 2:1 to convert to molidustat or continue
darbepoetin and monitored for 52 weeks. Efficacy
noninferiority was established for molidustat, and
there were no apparent between-group differences in
TEAEs, TESAEs, or adverse events of special interest.74

Enarodustat. Phase 2 studies of enarodustat in Japan
demonstrated a dose-dependent increase in Hb level,
tolerability, decreased hepcidin and ferritin levels, and
increased TIBC in NDD-CKD75 and DD-CKD76 patients.
The Phase 3 Study of Enarodustat in Anemic Patients
with CKD not Requiring Dialysis (SYMPHONY) pro-
gram in Japan includes studies of HD and NDD-CKD
patients. In the 24-week study of HD patients, 173
patients were randomized 1:1 to enarodustat or dar-
bepoetin. Enarodustat was noninferior in efficacy (Hb
level in target range), produced an increase in TIBC and
a decrease in hepcidin after switching from ESA, and
had comparable TEAEs and TESAEs to control.77 In the
24-week study of NDD-CKD patients, 216 individuals
were randomized 1:1 to enarodustat or darbepoetin.
Enarodustat was noninferior in efficacy (Hb level in
target range), produced an increase in TIBC and a
decrease in hepcidin versus darbepoetin, and had
comparable TEAEs, including cardiovascular and
hypertension-related events to control.78

Desidustat. A phase 2 study of desidustat in 117 anemic
NDD-CKD patients79 demonstrated dose-related increases
in Hb levels. There were no TESAEs. Two 24-week phase
3 clinical trials are underway in India: a 392-participant
open-label randomized trial versus epoetin in DD-CKD
patients (Desidustat in the Treatment of Anemia in CKD
on Dialysis Patients [DREAM-D]),80 and a 588-participant
open-label randomized trial versus darbepoetin in anemic
NDD-CKD patients (DREAM-ND).81
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Risks of HIF Stabilizers

Because of their mechanism of action to stimulate the
transcription of hypoxia-responsive genes, concerns
remain regarding the potential for HIF stabilizers to
produce off-target effects, including angiogenesis,
thrombotic events, pulmonary hypertension, kidney
fibrosis, and acceleration of cyst growth in patients
with polycystic kidney disease. Furthermore, approx-
imately 60 human 2-oxaglutarate oxygenases other
than HIF-PH are involved in a variety of cellular
functions, including collagen biosynthesis, nucleic acid
repair, protein biosynthesis, and fatty acid metabolism.
Off-target inhibition by PHD inhibitors of these 2-
oxagulatarate oxygenases may also be undesirable.36

Phase 3 clinical trials of sufficient duration and sta-
tistical robustness to assess MACEs and other cardio-
vascular end points may not be adequate to address
some of these other potential complications of HIF-
stabilizer therapy, which may be less frequent and
take longer to manifest. With regards to angiogenesis,
studies of vadadustat and daprodustat examined
vascular endothelial growth factor levels and reported
no consistent increases,34,64 data from phase 3 trials do
not show acceleration of diabetic retinopathy,66,82 and
studies to date have not demonstrated any increase in
malignancies.83

Thrombotic events were increased in DD-CKD pa-
tients treated with roxadustat versus epoetin,52 but
similar findings have not been reported in other phase
3 studies of HIF stabilizers. Pulmonary arterial hyper-
tension is common in patients on dialysis, and phase 3
trials may not offer certainty regarding the role of HIF
stabilizers due to the dedicated examinations needed.
However, there has been no significant increase in the
incidence of heart failure-related TEAEs and TESAEs,
which could be due to worsening of pulmonary arterial
hypertension.

Kidney fibrosis may be enhanced by 2-oxaglutarate
oxygenases, but studies to date have not demon-
strated acceleration of renal function decline among
patients treated with HIF stabilizers. Because cyst
growth and progression of polycystic kidney disease
may be affected by the HIF pathway, ongoing and
completed phase 3 trials of HIF stabilizers that include
monitoring for cyst growth should offer useful infor-
mation. Dedicated studies of patients with polycystic
kidney disease may be necessary.

Hyperkalemia is an unexpected finding in some
phase 3 clinical trials40,41,52 and requires further
exploration. In their KI Reports commentary, Winkel-
mayer and Walther50 raise the question whether an
assumption of class homogeneity will be met for HIF
stabilizers as further phase 3 and follow-up studies are
published. Because HIF stabilizers have differing PH
2547



Table 3. Key recommendations of the Asian-Pacific Society of
Nephrology regarding the use of hypoxia-inducible factor prolyl
hydroxylase inhibitors84

� Physicians can consider HIF-PH inhibitors as an alternative to ESA in correcting and
maintaining hemoglobin level in NDD- and DD-CKD patients

� Iron deficiency should be corrected (ferritin > 100 ng/dl and TSAT > 20%) before HIF
stabilizers are initiated

� HIF-PH inhibitors may be preferred to ESAs
B If frequency of hospital/clinic visits or invasiveness of injections is a burden
B If target hemoglobin cannot be achieved with ESA

� Administration of HIF-PH inhibitors should be undertaken with great caution, if at all, in
patients with known malignancy

� Given the theoretical risk of retinopathy, prompt ophthalmologic evaluation should be
ordered for patients who report visual disturbance after drug initiation

� Regular monitoring of liver function should be considered given uncommon but
possible risk of liver injury from HIF-PH inhibitors

� Serum potassium should be monitored during treatment with HIF-PH inhibitors given
reports of hyperkalemia in clinical trials

� Although there are no data suggesting HIF-PH inhibitors increase blood pressure,
attention should be paid to blood pressure control in patients receiving these agents

� Given theoretical effects on pulmonary hypertension, attention should be paid to
changes in cardiac function in patients receiving HIF-PH inhibitors

� Limited use of HIF-PH inhibitors is suggested in patients with a history of thrombotic
events

� Cyst size should be monitored in patients with polycystic kidney disease receiving HIF-
PH inhibitors

CKD, chronic kidney disease; DD, dialysis dependent; ESA, erythropoiesis-stimulating
agent; HIF-PH, hypoxia-inducible factor prolyl hydroxylase; NDD, non–dialysis depen-
dent; TSAT, transferrin saturation.
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specificity and pharmacokinetics (Table 1), a class effect
cannot be assumed.

After the approval of HIF stabilizers in Japan and
China, the Asian-Pacific Society of Nephrology pub-
lished recommendations on the appropriate use of these
agents.84 Key recommendations are summarized in
Table 3.84

Hepcidin Modulators

Inhibitors of Hepcidin, Its Synthetic Pathway, and Its

Action. Phase 1 trial data have been reported on
several agents that block the activity of hepcidin,
thereby improving iron mobilization and potentially
treating anemia in patients with CKD. An anti–
hepcidin l-oligribonucleotide (lexaptepid) suppressed
hepcidin activity in healthy volunteers85 and produced
dose-dependent increases in serum iron, ferritin, and
TSAT.86 A study of lexaptepid in 33 ESA-
hyporesponsive HD patients was completed in 201587

but not published. Monoclonal antibody LY2928052
targets ferroportin, and monoclonal antibody
LY3113593 targets bone morphogenic protein (BMP) 6,
a key regulator of hepcidin expression. Both agents
have been shown to increase serum iron and TSAT in
healthy volunteers. In phase 1 studies of patients with
CKD, both agents increased serum iron and decreased
serum ferritin relative to placebo, and LY3113593
decreased hepcidin levels.88 These phase 1 studies were
conducted in 2015, and no later-stage clinical trials are
reported on ClinicalTrials.gov.
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Vitamin D directly represses transcription of the
hepcidin antimicrobial peptide (HAMP) gene, which
encodes hepcidin. Because vitamin D deficiency is
common in patients with CKD, trials have been un-
dertaken to determine whether vitamin D supplemen-
tation improves iron parameters, with mixed results. In
a study of healthy volunteers, a single 100,000 IU oral
dose of vitamin D2 decreased hepcidin levels by one-
third.89 However, a randomized trial of 50,000 IU oral
vitamin D2 weekly in HD patients produced no changes
in serum ferritin, TSAT, or ESA dose at 3 or 6 months
(hepcidin levels were not reported),90 and a study of
calcitriol supplementation in patients with stage 3 or 4
CKD produced no changes in hepcidin, ferritin, TSAT,
or Hb compared with placebo.91

Because IL-6 is one of the major mediators by which
inflammation stimulates hepcidin synthesis, the effect
of an anti–IL-6 ligand antibody, ziltivekimab, on ane-
mia of inflammation in HD patients was explored in a
phase 1/2 placebo-controlled trial.92 The researchers
randomized 68 HD patients with elevated IL-6 to pla-
cebo or 1 of 3 ziltivekimab doses administered i.v.
during HD every 2 weeks for 12 weeks. Compared with
patients receiving placebo, those receiving the active
drug had greater reductions in high-sensitivity C-
reactive protein, serum amyloid A, and fibrinogen, as
well as a decreased ESA resistance index and increased
serum iron, TIBC, TSAT, and serum albumin. Howev-
er, 17.6% of patients receiving the highest dose of the
study drug had adverse events leading to study
discontinuation (compared with 0% of patients
receiving placebo or lower doses of the study drug).
TEAEs were significantly higher at all doses of study
drug compared with placebo, and 4 patients died
during the study, all of whom received the 2 higher
doses of the study drug.92

SGLT2 Inhibitors. SGLT2 inhibitors have been
demonstrated to decrease proteinuria and slow the rate
of progression of CKD in patients with93–95 and
without95 type 2 diabetes mellitus (T2DM). In a study
of 52 patients with T2DM randomized 1:1 to dapagli-
flozin or placebo for 12 weeks, dapagliflozin signifi-
cantly reduced hepcidin and ferritin while increasing
transferrin levels. The increase in Hb levels versus
placebo was 0.5 g/dl (P ¼ 0.02).96 A 104-week double-
blind placebo-controlled trial of dapagliflozin (2.5, 5, or
10 mg) demonstrated an increase in hematocrit among
patients with T2DM receiving the active drug. Mean
increase in hematocrit from baseline at 104 weeks was
2.32, 2.95, and 3.06, respectively.97 Data from 5235
patients in 14 placebo-controlled dapagliflozin studies
of at least 24 weeks’ duration were pooled, revealing
correction of baseline anemia in 52% patients treated
Kidney International Reports (2021) 6, 2540–2553
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with dapagliflozin and in 26% patients treated with
placebo. The placebo-adjusted mean Hb increase from
baseline to week 24 among patients with baseline
anemia treated with dapagliflozin was 0.53 g/dl and
was 0.76 g/dl among patients without baseline anemia.
New-onset anemia was also lower in dapagliflozin-
treated patients.98

A post hoc analysis of the Canagliflozin and Renal
Events in Diabetes With Established Nephropathy
Clinical Evaluation (CREDENCE) trial of 4401 patients
with T2DM randomized to 100 mg daily canagliflozin
or placebo for a mean follow-up of 2.6 years was per-
formed to determine an investigator-reported anemia
event or treatment for anemia (ESAs, iron preparations,
or RBC transfusions). Canagliflozin-treated patients had
a lower incidence of composite anemia events (HR,
0.65; 95% CI, 0.55–0.77; P < 0.0001), anemia events
alone (HR, 0.58; 95% CI, 0.47–0.72; P < 0.0001),
initiation of iron therapy (HR, 0.64; 95% CI 0.52–0.80;
P < 0.001), and need for ESAs (HR, 0.65; 95% CI, 0.46–
0.91; P ¼ 0.012).99 Nine patients with T2DM admin-
istered canagliflozin demonstrated an increase in serum
EPO levels between 2 and 4 weeks, increased Hb by 12
weeks, and decreased ferritin levels.100 The benefits of
SGLT2 inhibitors are likely a “class effect” that can be
extrapolated from studies of specific agents.101 Addi-
tional large-scale clinical trials of SGLT2 inhibitors
with anemia parameters as the primary outcome are
needed to determine their role in anemia treatment,
particularly with the advent of HIF stabilizer therapy.
Summary

The discoveries of hepcidin and the HIF pathway, as
well of our understanding of the complex pathophys-
iology of anemia in patients with CKD, have led to the
development of innovative pharmaceuticals for anemia
treatment unimaginable 2 decades ago. HIF stabilizers
are completing large phase 3 development programs to
assess efficacy, cardiovascular safety, and TEAEs.
However, because of the possibility of off-target ef-
fects, longer-term follow-up studies and registries will
be needed. Their oral route of administration makes
HIF stabilizers attractive in NDD-CKD and home dial-
ysis patients, and their effects on iron mobilization
offer promise of efficacy in ESA-hyporesponsive pa-
tients. Because endogenous EPO production stimulated
by HIF stabilizers leads to lower blood EPO levels than
pharmacologic doses of ESAs, HIF stabilizers held the
promise of being associated with fewer cardiovascular
events than ESAs. However, HIF stabilizers have
demonstrated only noninferiority to ESAs with regards
to cardiovascular outcomes in most studies reported to
date.
Kidney International Reports (2021) 6, 2540–2553
Hepcidin modulators received considerable attention
with phase 1 and 2 studies of several agents, but these
development programs have waned, possibly due to
the advent of HIF stabilizers that also decrease hepcidin
levels.

SGLT2 inhibitors, which have been shown to
decrease proteinuria and slow CKD progression in pa-
tients with T2DM and other proteinuric disorders,
appear to offer the additional benefit of anemia
reduction. Studies specifically addressing the role of
these agents in anemia management of patients with
stages 3 and 4 CKD are needed.
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