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Abstract

Patients with chronic kidney disease (CKD) develop anemia largely because of

inappropriately low erythropoietin (EPO) production and insufficient iron available to

erythroid precursors. In four phase 3, randomized, open-label, clinical trials in dialysis-

dependent and non–dialysis-dependent patients with CKD and anemia, the hypoxia-

inducible factor prolyl hydroxylase inhibitor, vadadustat, was noninferior to the

erythropoiesis-stimulating agent, darbepoetin alfa, in increasing and maintaining tar-

get hemoglobin concentrations. In these trials, vadadustat increased the concentra-

tions of serum EPO, the numbers of circulating erythrocytes, and the numbers of

circulating reticulocytes. Achieved hemoglobin concentrations were similar in patients

treated with either vadadustat or darbepoetin alfa, but compared with patients
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receiving darbepoetin alfa, those receiving vadadustat had erythrocytes with

increased mean corpuscular volume and mean corpuscular hemoglobin, while the red

cell distribution width was decreased. Increased serum transferrin concentrations, as

measured by total iron-binding capacity, combined with stable serum iron concentra-

tions, resulted in decreased transferrin saturation in patients randomized to vadadu-

stat compared with patients randomized to darbepoetin alfa. The decreases in

transferrin saturation were associated with relatively greater declines in serum hepci-

din and ferritin in patients receiving vadadustat compared with those receiving darbe-

poetin alfa. These results for serum transferrin saturation, hepcidin, ferritin, and

erythrocyte indices were consistent with improved iron availability in the patients

receiving vadadustat. Thus, overall, vadadustat had beneficial effects on three aspects

of erythropoiesis in patients with anemia associated with CKD: increased endoge-

nous EPO production, improved iron availability to erythroid cells, and increased

reticulocytes in the circulation.

1 | INTRODUCTION

Chronic kidney disease (CKD) is associated with anemia that worsens

as kidney function declines.1 In a representative sample of the

U.S. population with stages 4 and 5 CKD, indicated by an estimated

glomerular filtration rate (eGFR) of <30 mL/min/1.73 m2, approxi-

mately one-half had anemia.2 The primary cause of anemia in CKD is

underproduction of red blood cells (RBCs).3 Erythropoietin (EPO),

which is mainly produced by a subset of renal cortical interstitial fibro-

blasts in response to local tissue hypoxia,4,5 prevents apoptosis of

marrow erythroid progenitors.6,7 Decreased EPO production results

from inflammation in the kidneys8,9 when renal EPO-producing fibro-

blasts are transformed into myofibroblasts that do not produce EPO.8

Inflammation in CKD also directly suppresses erythroid cell devel-

opment and indirectly suppresses the iron available to erythroblasts

via hepcidin induction.10–12 Hepcidin, a liver peptide induced by

inflammation and/or increased iron, binds and downregulates cell sur-

face expression of ferroportin, the transmembrane iron exporter.13

Increased hepcidin in CKD restricts iron export from storage cells,

macrophages, and hepatocytes, thereby decreasing iron availability to

erythroblasts.14,15 Macrophages remove senescent erythrocytes from

the blood and export iron recycled from degraded hemoglobin to mar-

row erythropoietic cells.16,17 In addition, erythrocyte lifespan in CKD

is decreased, likely by inflammation-induced macrophage activation

and uremic toxin-induced damage to erythrocytes.18 Chronic blood

loss from retention in the hemodialysis apparatus further limits eryth-

rocyte lifespan and iron availability.11 Thus, anemia in CKD results

from decreased EPO production, suppression of erythroid progenitors,

restricted iron availability, and shortened erythrocyte lifespan.

Recombinant human EPO (rhEPO) and its derivatives with pro-

longed half-lives, darbepoetin alfa (hereafter termed “darbepoetin”)
and polyethylene-glycolated rhEPO, are collectively termed

erythropoiesis-stimulating agents (ESAs), and are standard treatments

for anemic patients with CKD that reduce the need for blood transfu-

sions.19 However, ESAs are associated with adverse cardiovascular

events when hemoglobin concentrations in the normal or slightly sub-

normal ranges are targeted.20–22 Among potential therapeutic agents

for anemia in patients with CKD are those that induce endogenous

EPO production, thereby avoiding high transient plasma concentra-

tions of ESAs that may occur with intravenous administration.

EPO production is controlled by hypoxia-inducible factor

(HIF).23,24 HIF, a multicomponent transcription factor, is mainly regu-

lated by the degradation rate of one of its components, HIFα,25 which

is targeted for polyubiquitination and proteasomal degradation by

prolyl hydroxylation.26–28 Three specific HIF prolyl hydroxylases (HIF

prolyl-4-hydroxylase domain [HIF-PHD] enzymes) use oxygen,

2-oxoglutarate, and one of three HIFα proteins (HIF-1α, HIF-2α, or

HIF-3α) as substrates.29–31 Under normoxic conditions, HIFα is rapidly

hydroxylated and promptly degraded so that it does not accumulate

and form active transcription factor complexes. With hypoxia, the

HIFα prolines are not hydroxylated, and HIFα is incorporated into

active HIF transcription factor complexes that bind to hypoxia-

responsive elements in many target genes, including the gene encod-

ing EPO, thereby inducing transcription of those genes.32

Vadadustat, an investigational oral HIF-PHD inhibitor that stabi-

lizes intracellular HIFα, increases serum EPO concentrations over

baseline in healthy individuals and in patients with CKD.33,34 In four

phase 3 clinical trials, vadadustat was compared with darbepoetin for

efficacy and safety in the treatment of anemia associated with non-

dialysis-dependent CKD (NDD-CKD; i.e., the PRO2TECT program,

two trials) and dialysis-dependent CKD (DD-CKD; i.e., the INNO2-

VATE program, two trials). The INNO2VATE and PRO2TECT trials

both met the prespecified noninferiority criteria (�0.75 g/dL) for the

primary efficacy endpoint of mean change in hemoglobin from base-

line to Weeks 24 to 36. The INNO2VATE trial also met the prespeci-

fied noninferiority criteria (1.25) for the primary safety endpoint of

time to first major adverse cardiovascular event (MACE; a composite

of death from any cause, nonfatal myocardial infarction, or a nonfatal

stroke); however, the PRO2TECT trials did not meet the prespecified

margin for noninferiority.35,36 Time to CKD progression in the
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PRO2TECT trials (provision of maintenance dialysis, receipt of kidney

transplant, or decrease in eGFR ≤15 mL/min/1.73 m2 or a decrease of

40% or more in the eGFR with the two eGFR criteria confirmed after

≥4 weeks), was similar in the vadadustat- and darbepoetin-treatment

groups.35 Here, we report the erythropoietic effects of vadadustat in

these trials and discuss their clinical relevance.

2 | METHODS

2.1 | Trial designs and oversight

We conducted four global, open-label, sponsor-blinded, active-con-

trolled, noninferiority trials in patients with CKD. The two PRO2TECT

trials included ESA-untreated patients with NDD-CKD (ClinicalTrials.

gov identifier: NCT02648347) or ESA-treated patients with NDD-

CKD (ClinicalTrials.gov identifier: NCT02680574); the two INNO2-

VATE trials included ESA-treated patients with incident DD-CKD

(dialysis initiated within 16 weeks before screening; ClinicalTrials.gov

identifier: NCT02865850) and prevalent DD-CKD (dialysis received

for at least 12 weeks before screening; ClinicalTrials.gov identifier:

NCT02892149).35,36 Flow diagrams showing randomization to either

vadadustat or darbepoetin and subsequent trial events are shown for

the PRO2TECT trials in Figure S1 and for the INNO2VATE trials in

Figure S2.

2.2 | Patients and assessments

In both PRO2TECT trials, eligible patients were at least 18 years of

age and had NDD-CKD (eGFR ≤60 mL/min/1.73 m2). In the trial

involving ESA-untreated patients, patients were required to have a

hemoglobin concentration <10 g/dL and were excluded if they had

received any ESA within 8 weeks before randomization. In the trial

involving ESA-treated patients, patients had to be actively receiving

maintenance ESA therapy, with at least one dose received within

6 weeks before or during screening and were required to have a

hemoglobin concentration of 8–11 g/dL (in the United States) or 9–

12 g/dL (in other countries). In both INNO2VATE trials, eligible

patients were at least 18 years of age, had CKD and were undergoing

dialysis, had a serum ferritin concentration ≥100 ng/mL and a trans-

ferrin saturation (TSAT) ≥20%, and had not received an RBC transfu-

sion within the previous 8 weeks. In addition, patients had a

hemoglobin concentration between 8 and 11 g/dL (incident DD-CKD

trial) or a hemoglobin concentration between 8 and 11 g/dL (in the

United States) or between 9 and 12 g/dL (in other countries) (preva-

lent DD-CKD trial). In all trials, oral or intravenous iron administration

was allowed at the discretion of local investigators to maintain serum

ferritin ≥100 ng/mL or TSAT ≥20%.

The PRO2TECT and INNO2VATE trials had prespecified primary

(Weeks 24–36) and secondary (Weeks 40–52) evaluation periods for

efficacy, as measured by change or maintenance of hemoglobin concen-

trations (target hemoglobin concentrations of 10–11 g/dL in the

United States and 10–12 g/dL in other countries). The prespecified

noninferiority margins were selected in consultation with regulatory

agencies as the lower bound of the 95% confidence interval of

�0.75 g/dL for the primary efficacy end point. The primary safety out-

come was time to first MACE with a prespecified noninferiority margin

of 1.25.

In addition to baseline values, erythrocyte numbers (RBCs) and

erythrocyte indices were measured every 2 weeks through Week

12, then every fourth week. Serum ferritin, iron, TSAT, and total iron-

binding capacity (TIBC), were measured every 4 weeks through Week

12, and every 8 weeks through Week 52. Serum bilirubin and lactate

dehydrogenase were measured every 4 weeks through Week 28, and

every 8 weeks through Week 52. Reticulocyte numbers and serum hep-

cidin (measured by enzyme-linked immunoassay [ELISA]; DRG Interna-

tional Inc.) were measured at Weeks 4, 12, 28, and 52; serum C-reactive

protein (CRP; measured by an immunoturbidimetric assay; Roche Diag-

nostics) was measured at Weeks 28 and 52. Endogenous serum EPO

was measured at Weeks 4, 12, 28, and 52 in patients randomized to

receive vadadustat using an ELISA (Quantikine IVD; R&D Systems).

Endogenous EPO could not be measured in patients randomized to

receive darbepoetin because, as a derivative of EPO, darbepoetin is

immunologically related to EPO and darbepoetin's erythropoietic

activity suppresses endogenous EPO production. However, serum

EPO concentrations were also determined in darbepoetin-treated

patients, while recognizing that their values represented com-

bined endogenous EPO and exogenous darbepoetin.

2.3 | Data analysis and statistical methods

We analyzed erythropoietic effects of vadadustat for the safety popu-

lation (all randomized patients who received at least one dose of study

drug). Blood samples for laboratory assays were sent to the trials' cen-

tral laboratory for analysis. Local investigators were responsible for

reviewing laboratory results for clinical significance and adjusting the

dose according to the protocol algorithm. Results for RBCs, reticulo-

cytes, mean corpuscular volume (MCV), mean corpuscular hemoglobin

(MCH), red cell distribution width (RDW; a measure of anisocytosis),

and serum EPO, TIBC, iron, TSAT, hepcidin, and ferritin were com-

pared with respect to mean change from baseline in the primary and

secondary evaluation periods. Within treatment group analyses were

based on paired t tests. The analyses between groups were based on

analyses of covariance with the baseline values of laboratory tests as

covariates, and central laboratory baseline hemoglobin group, geo-

graphic region, New York Heart Association congestive heart failure

class, and treatment group as fixed effects. We considered two-tailed

p < .05 as statistically significant without adjustment for multiple com-

parisons. All analyses were conducted using SAS statistical software

version 9.4 (SAS Institute Inc).

3 | RESULTS

In the PRO2TECT trials, 1751 ESA-untreated patients with NDD-CKD

and 1725 ESA-treated patients with NDD-CKD (3476 patients in

1180 KOURY ET AL.



total) were randomly assigned in a 1:1 ratio to receive vadadustat or

darbepoetin. In the INNO2VATE trials, 369 patients in the incident

DD-CKD trial and 3554 patients in the prevalent DD-CKD trial (3923

patients in total) were randomly assigned in a 1:1 ratio to receive

vadadustat or darbepoetin. Baseline characteristics were generally

similar among patients randomized to vadadustat or darbepoetin

within all trials (Table S1).

3.1 | EPO concentrations, hemoglobin
concentrations, and RBCs

Mean serum EPO concentrations were measured in patients trea-

ted with vadadustat in the NDD-CKD and DD-CKD trial popula-

tions to determine the effects of vadadustat on endogenous EPO

production. Patients in the ESA-untreated NDD-CKD trial were the

only ones with an ESA-naïve baseline, and therefore, the only

group in which an induction in endogenous EPO could be reliably

determined. Mean serum EPO concentrations were statistically sig-

nificantly increased over baseline at each time point (4, 12, 28, and

52 weeks) in both the vadadustat-treatment and darbepoetin-

treatment groups while remaining in the 16–20 mIU/mL range

(Tables 1 and S2). These increases were due to endogenous EPO

production in the vadadustat-treated group (Table 1) and combined

exogenous darbepoetin and endogenous EPO in the darbepoetin-

treated group (Table S2).

In both treatment groups, mean serum EPO levels in the

ESA-treated NDD-CKD trial were in ranges similar to those in the

ESA-untreated trial. In the incident and prevalent DD-CKD trials, both

vadadustat-treated and darbepoetin-treated patients maintained their

serum EPO levels that were slightly increased at baseline compared

with those of patients in the NDD-CKD trials (20–32 mIU/mL)

(Tables 1 and S2).

In all four trials, vadadustat was noninferior to darbepoetin in

achieving and maintaining target hemoglobin concentrations.35,36 In

the trial in ESA-untreated NDD-CKD patients, hemoglobin

increased from 9.1 g/dL at baseline to 10.6 g/dL at Week 52 in

vadadustat- and darbepoetin-treatment groups (Table S3). RBCs

increased from 3.1 � 106/μL in both groups at baseline to 3.5 and

3.6 � 106/μL at Week 52 in the vadadustat- and darbepoetin-

treatment groups, respectively (Table S3 and Figure 1). In ESA-treated

NDD-CKD patients, hemoglobin increased from 10.4 g/dL at baseline to

10.8 g/dL at Week 52 in both vadadustat- and darbepoetin-treatment

groups (Table S3). RBCs were 3.5 � 106/μL at baseline and 3.6 � 106/

μL at Week 52 in vadadustat- and darbepoetin-treatment groups

(Table S3 and Figure 1).

In incident DD-CKD patients, hemoglobin increased from 9.4

and 9.2 g/dL at baseline to 10.4 and 10.6 g/dL at Week 52 in

the vadadustat- and darbepoetin-treatment groups, respectively

(Table S3). RBCs increased from 3.1 � 106/μL at baseline in both

groups to 3.4 and 3.5 � 106/μL at Week 52 in the vadadustat-

and darbepoetin-treatment groups, respectively (Table S3 and

TABLE 1 Erythropoietin levels in vadadustat-treated patients at baseline and Weeks 4, 12, 28, and 52 in the PRO2TECT and INNO2VATE
programs

Erythropoietin (mIU/mL) Baseline Week 4 Week 12 Week 28 Week 52

ESA-untreated NDD-CKD trial

Observed, mean (SD) 15.2 (14.0) 16.2 (15.2) 17.3 (23.3) 19.6 (47.2) 20.1 (37.2)

Change from baseline, mean (SD) NA 1.3 (10.7) 2.3 (22.6) 5.0 (47.4) 5.2 (38.1)

Change from baseline, 95% CI NA (0.5, 2.0) (0.7, 4.0) (1.4, 8.6) (1.8, 8.6)

p value .0008 .005 .007 .0028

ESA-treated NDD-CKD trial

Observed, mean (SD) 15.4 (14.9) 14.7 (14.6) 16.7 (46.7) 17.4 (38.7) 21.1 (46.0)

Change from baseline, mean (SD) NA �0.7 (15.3) 1.4 (47.2) 2.1 (40.3) 5.7 (47.0)

Change from baseline, 95% CI NA (�1.8, 0.3) (�1.9, 4.8) (�0.8, 5.1) (1.6, 9.8)

p value .1759 .405 .1578 .0064

Incident DD-CKD trial

Observed, mean (SD) 17.8 (29.3) 20.3 (41.6) 22.4 (49.7) 19.9 (42.8) 17.5 (19.9)

Change from baseline, mean (SD) NA 2.5 (46.3) 4.5 (57.1) 1.9 (52.6) �3.5 (40.8)

Change from baseline, 95% CI NA (�4.5, 9.6) (�4.4, 13.4) (�6.6, 10.4) (�12.0, 5.0)

p value .4845 .3168 .655 .418

Prevalent DD-CKD trial

Observed, mean (SD) 26.3 (76.0) 20.4 (39.3) 27.0 (84.3) 22.7 (51.5) 32.1 (101.4)

Change from baseline, mean (SD) NA �6.5 (84.1) 0.3 (110.3) �2.2 (83.3) 6.3 (116.5)

Change from baseline, 95% CI NA (�10.5, �2.4) (�5.2, 5.7) (�6.5, 2.1) (�0.4, 13.0)

p value .0019 .9273 .3096 .0633

Abbreviations: CKD, chronic kidney disease; DD, dialysis dependent; ESA, erythropoiesis-stimulating agent; NA, not applicable; NDD, non-dialysis

dependent.
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Figure 1). In the prevalent DD-CKD group of patients already

being treated with ESAs, hemoglobin increased from 10.3 and

10.2 g/dL at baseline to 10.5 and 10.6 g/dL at Week 52 in the

vadadustat- and darbepoetin-treatment groups, respectively

(Table S3).

In both trials in incident and prevalent DD-CKD patients, the

respective achievement and maintenance of hemoglobin were associ-

ated with parallel increases in RBCs/μL (Table S3 and Figure 1). RBCs

increased from 3.3 � 106/μL at baseline to 3.4 � 106/μL at Week

52 in both vadadustat- and darbepoetin-treatment groups (Table S3

and Figure 1).

3.2 | Effects on reticulocyte numbers

Absolute reticulocytes were statistically significantly increased by

approximately 10%–20% in the vadadustat-treatment groups

compared with stable absolute reticulocyte numbers in the

darbepoetin-treatment groups at Weeks 4–52 in ESA-untreated

NDD-CKD patients, Weeks 4–52 in the trial in ESA-treated

NDD-CKD patients, Weeks 12 and 28 in incident DD-CKD

patients, and Weeks 12–52 in prevalent DD-CKD patients

(Table S3 and Figure 1). Serum total bilirubin and lactate dehy-

drogenase concentrations were similar in the vadadustat and dar-

bepoetin arms throughout the trials, indicating no increase in rate

of hemolysis in the vadadustat-treatment groups that would

account for the differences in reticulocytes (Figure S3). Further-

more, adverse event reporting provided no evidence for increased

bleeding in the vadadustat- versus the darbepoetin-treatment

group in each trial.

3.3 | Effects on erythrocyte indices

MCV and MCH values were within the population reference range

(MCV 79–98 fL; MCH 26–34 pg/cell), although mean MCV and

mean MCH were consistently higher in patients randomized to

vadadustat compared with those randomized to darbepoetin at

F IGURE 1 Red blood cells, reticulocytes, mean corpuscular volume, mean corpuscular hemoglobin, and red cell distribution width of patients
in phase 3 trials evaluating vadadustat versus darbepoetin alfa for treatment of anemia in chronic kidney disease. (A) ESA-untreated NDD-CKD
trial; (B) ESA-treated NDD-CKD trial; (C) incident DD-CKD trial; (D) prevalent DD-CKD trial. DD-CKD, dialysis-dependent chronic kidney disease;
NDD-CKD, non-dialysis-dependent chronic kidney disease; ESA, erythropoiesis-stimulating agent. Data points for vadadustat-treated patients
(solid blue squares) and darbepoetin-treated patients (open red squares) represent means; error bars represent standard error of the mean.
Within-group difference from baseline: *p ≤ .001, **p ≤ .05. Between-group difference: #p ≤ .001, ##p ≤ .05
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each time point in all four trials (Table S3 and Figure 1). The

increased MCV with vadadustat treatment was uniformly seen

across the four trials, as demonstrated by decreased RDW with

vadadustat treatment compared with darbepoetin treatment

(Table S3 and Figure 1). Across each trial, the MCV of non-

reticulocytes in the RBC population at Weeks 28 and 52 showed

the same MCV relationships as shown for the total RBC population

(Table S4).

3.4 | Effects on TIBC, serum iron, and TSAT

In all four trials, serum transferrin concentrations as measured by

mean TIBC were significantly increased over baseline at all times in

patients randomized to vadadustat relative to those in patients ran-

domized to darbepoetin (Figure 2 and Table S5). Mean baseline

TIBC concentrations in all groups were below the lower limits of

the population reference range (250–425 μg/dL),37 and patients

with NDD-CKD randomized to vadadustat had increases in TIBC

concentrations to within the (lower) population reference range. In

patients randomized to vadadustat, mean serum iron concentra-

tions were increased from baseline in the primary (Weeks 24–36)

and secondary (Weeks 40–52) efficacy evaluation periods, except

in the prevalent DD-CKD group where it remained unchanged

(Figure 2 and Table S5). Over the course of both PRO2TECT trials

and the trial in prevalent DD-CKD, serum iron was significantly

higher in the vadadustat-treated group compared with the

darbepoetin-treated groups (Figure 2 and Table S5). Before the pri-

mary evaluation period, serum iron was significantly higher in the

vadadustat-treated group compared with the darbepoetin-treated

group in the trial in incident DD-CKD patients (Figure 2 and

Table S5).

Across all four trials, the generalized increases in TIBC in

vadadustat-treated groups resulted in a pattern of decreased mean

TSAT in the early weeks of each trial followed by recovery of mean

TSAT only in the incident DD-CKD trial (Figure 2 and Table S5). In

darbepoetin-treated groups, across all four trials, mean TSAT tran-

siently decreased followed by a recovery of mean TSAT toward base-

line, although this recovery was more limited in the prevalent DD-

CKD trial (Figure 2 and Table S5).

F IGURE 2 Serum total iron binding capacity, serum iron, transferrin saturation, serum hepcidin, and serum ferritin of patients in phase 3 trials
evaluating vadadustat versus darbepoetin alfa for treatment of anemia in chronic kidney disease. (A) ESA-untreated NDD-CKD trial; (B) ESA-treated
NDD-CKD trial; (C) incident DD-CKD trial; (D) prevalent DD-CKD trial. DD-CKD, dialysis-dependent chronic kidney disease; NDD-CKD, non-dialysis-
dependent chronic kidney disease; ESA, erythropoiesis-stimulating agent. Data points for vadadustat-treated patients (solid blue squares) and
darbepoetin-treated patients (open red squares) represent means; error bars represent standard error of the mean. Within-group difference from
baseline: *p ≤ .001, **p ≤ .05. Between-group difference: #p ≤ .001, ##p ≤ .05
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3.5 | Effect on serum hepcidin and ferritin

Mean serum hepcidin concentrations decreased in both treatment

groups in each trial, with more prominent decreases in patients ran-

domized to vadadustat than in those randomized to darbepoetin

(Figure 2 and Table S5). Baseline mean serum concentrations of ferri-

tin, the major intracellular iron storage protein, were at or above the

upper limits of the population reference range (10–380 ng/mL) in all tri-

als (Figure 2 and Table S5), but serum ferritin decreased at Weeks 4 and

12, when erythropoiesis was induced in the NDD-CKD trials and the

incident DD-CKD trial (Figure 2 and Table S5). By the primary evaluation

period at Weeks 24–36 and secondary evaluation period at Weeks

40–52, mean serum ferritin had increased over the earlier nadirs at

Weeks 4 and 12 in both NDD-CKD trials to slightly less than baseline

concentrations (Figure 2 and Table S5). In the incident DD-CKD trial, the

slight decreases in mean serum ferritin of the darbepoetin-treated group

and no change in the vadadustat-treated group at Weeks 4 and 12 were

followed by increases at Weeks 28 and 52, so that both arms had con-

centrations at or above baseline (Figure 2 and Table S5). The prevalent

DD-CKD group, which had extremely high baseline mean serum ferritin,

showed little change throughout the trial in patients receiving darbepoe-

tin, and a sustained decrease in mean serum ferritin beginning at Week

20 in the group receiving vadadustat (Figure 2). As inflammation induces

hepcidin, CRP was measured, and the mean CRP was slightly to moder-

ately elevated in the 7–11 mg/L range at baseline (CRP population refer-

ence range: 0.0–4.9 mg/L)38 in all groups and remained in this range at

all time points (Figure S3).

4 | DISCUSSION

As reported previously, vadadustat was noninferior to darbepoetin alfa

with respect to hematological efficacy in the PRO2TECT and INNO2-

VATE phase 3 clinical trials.35,36 The prespecified noninferiority safety

outcomes in terms of MACE were met in the INNO2VATE trials but

not in the PRO2TECT trials.35,36 Time to CKD progression in the PRO2-

TECT trials was similar in the vadadustat- and darbepoetin-treatment

groups.35 Patients randomized to vadadustat had increased endoge-

nous EPO, which through its ability to increase marrow erythroid pro-

genitors, led to increased numbers of circulating RBCs. In addition to

these EPO-mediated effects, the present data provide evidence that

vadadustat induced additional erythropoietic stimulation and other

beneficial effects. Compared with patients randomized to darbepoetin,

patients randomized to vadadustat had larger erythrocytes (MCV) that

contained more hemoglobin (MCH), and also had increased numbers of

reticulocytes (absolute reticulocyte count). These erythropoietic effects

most likely result from the activity of vadadustat in the kidneys, liver,

and bone marrow (Figure 3) in stimulating RBC production.

HIF-2α regulates EPO gene transcription and subsequent EPO

production.39–41 In ESA-untreated patients with NDD-CKD, vadadu-

stat increased endogenous EPO production, with mean serum EPO

concentrations between 16 and 21 mIU/mL, which is at, or slightly

above, the upper limit of the range for healthy individuals

(3.3–16.6 mIU/mL) and consistent with earlier results with vadadu-

stat.33,34 Vadadustat likely induces HIF-2α in renal cortical myofibro-

blasts, which can produce EPO in response to decreased HIF-PHD

activity in diseased kidneys.42 Vadadustat can also induce EPO in the

liver,43 most likely in hepatocytes, which are the main hepatic

EPO-producing cells.44

Patients randomized to vadadustat achieved and maintained tar-

get range hemoglobin concentrations during the primary and second-

ary evaluation periods in all four trials. The slightly above-population

reference range of serum EPO concentrations in both vadadustat-

treated and darbepoetin-treated patients indicate that their EPO con-

centrations were sufficient for achieving the target hemoglobin range

but not for achievement of a normal hemoglobin range. The patients'

marrow erythroid cells likely had decreased EPO responsiveness com-

pared with healthy individuals. Inflammatory cytokines can directly

inhibit proliferation and survival of erythropoietic cells in the

marrow,10,45 and both vadadustat-treated and darbepoetin-treated

groups had similar slight-to-moderate elevations of mean CRP con-

centrations during the trials, indicating that inflammation may have

suppressed EPO responsiveness of the erythroid cells.

Nearly two-thirds of total body reticulocytes are normally in the

marrow,46 but phlebotomy-induced blood loss physiologically results

in early release of reticulocytes from the marrow into the blood that

can be detected at 24 and 36 h after phlebotomy,47 well before EPO-

mediated expansion of erythroid progenitors can supply additional cir-

culating reticulocytes. EPO may mediate some early reticulocyte

release,48,49 but consistently increased absolute reticulocytes in

patients randomized to vadadustat compared with those randomized

to darbepoetin indicate that another HIF-mediated mechanism may

be involved. Marrow reticulocytes pass through the endothelial cells

of marrow venous sinuses to enter the blood,50 and early reticulocyte

release is associated with changes in these marrow endothelial cells.51

HIFs with the potential to affect marrow endothelial cells are pro-

duced in the marrow by hematopoietic, stromal, and endothelial

cells,52–54 and may be involved with vadadustat-mediated increases in

absolute reticulocyte counts.

In the present clinical trials with predetermined target hemoglobin

concentrations and nonextensive blood loss, the increased reticulo-

cytes in patients randomized to vadadustat represented 10%–20% of

circulating reticulocytes and 0.3% of total circulating erythrocytes,

thereby contributing only slightly to the increased mean MCV and

MCH. MCVs of non-reticulocytes in the RBC population of each study

at Weeks 28 and 52 (Table S4) show the same MCV relationships as

shown for the total RBC population (Table S3), further indicating that

reticulocytes contributed very slightly to the MCV results. Compared

with patients randomized to darbepoetin, those randomized to vada-

dustat produced uniformly larger erythrocytes (increased MCV with

decreased RDW), with each cell containing more hemoglobin

(increased MCH) and slightly fewer RBCs with relatively decreased

RDWs despite achieving and maintaining similar hemoglobin concen-

trations.35,36 Similar results for these erythrocyte indices were

reported in other phase 3 trials comparing vadadustat with darbepoe-

tin in patients with CKD.55,56
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These increases in erythrocyte size and hemoglobin content in

the patients randomized to vadadustat compared with those random-

ized to darbepoetin are most consistent with improved iron delivery

to erythroblasts, where increased intracellular iron enhances heme

synthesis that, in turn, increases hemoglobin accumulation and cell

size.57 Erythroblasts of vadadustat-treated patients should contain

increased heme due to HIF increasing transcription of the erythroid-

specific ALAS-2 gene58 and iron-regulatory protein increasing transla-

tion of ALAS-2 mRNAs.59 Increased erythroblast heme, in turn,

induces enhanced heme-regulated inhibitor-controlled synthesis of

globins and other proteins,57 leading to production of larger erythro-

cytes containing more hemoglobin (i.e., increased mean MCV and

MCH) as observed in patients randomized to vadadustat compared

with those randomized to darbepoetin.

Most iron supplied to erythroblasts is recycled from the degraded

hemoglobin of senescent erythrocytes that have been phagocytosed

by macrophages in a process that is not directly affected by HIF.60

The increased availability of iron with vadadustat versus darbepoetin

was associated with increases in serum transferrin (measured as TIBC)

and decreases in TSAT, with decreases in serum hepcidin and ferritin.

Similar changes in these iron-related proteins have been reported pre-

viously with other HIF-PHD inhibitors as well as vadadustat.55,56,61–63

Hepcidin expression can be downregulated directly by HIF in iron

deficiency,64 but hepcidin is indirectly downregulated by hypoxia65

during EPO-mediated expansion of marrow erythroid cells66,67

through their production of erythroferrone (ERFE), a hormone that

suppresses liver hepcidin production.68 Hepcidin is also downregu-

lated by a mechanism that does not involve ERFE when erythroid

populations are not expanding69 and, in the case of vadadustat stimu-

lation of erythropoiesis, ERFE is not required for hepcidin

downregulation.43

ERFE from stimulated erythropoiesis may have contributed to

decreased serum hepcidin in the first few months after initiating both

vadadustat and darbepoetin treatments. At later times in the trials,

however, persistent decreases in hepcidin for vadadustat-treated and

darbepoetin-treated patients, and the relatively more prominent

decreases in hepcidin with vadadustat treatment compared with dar-

bepoetin treatment indicate a role for non–ERFE-mediated effects. In

this regard, vadadustat resulted in more pronounced increases in TIBC

than darbepoetin at all times in each trial, suggesting that vadadustat

induced the transferrin gene, a known transcriptional target of HIF-

1α,70 although other mechanisms may be involved with this increased

TIBC.43 The decreased TSAT associated with increased transferrin, in

turn, increases unsaturated and monosaturated transferrin, both of

which decrease hepcidin production.71–74 Thus, our data indicate that

vadadustat increases total transferrin while decreasing its saturation

with iron. This increase in desaturated transferrin decreases liver pro-

duction of hepcidin which, in turn, allows improved mobilization of

stored iron as shown by deceased serum ferritin.

Like most patients with CKD, participants in the INNO2VATE and

PRO2TECT trials had elevated baseline serum ferritin and CRP con-

centrations due to inflammation and oral or intravenous iron supple-

mentation. Furthermore, patients in the trials received oral and/or

intravenous iron supplementation to maintain serum ferritin ≥100 ng/

mL or TSAT ≥20%, as is common in the care of patients with CKD.

Oral or intravenous iron use was similar in the two treatment groups

throughout both studies. The serum CRP remaining stable in the

7–11 mg/L range in all four trials suggests that increasing serum ferri-

tin at later times in both NDD-CKD trials and the incident DD-CKD

trial was likely due to iron administrations rather than changes in

inflammation. Because of this ongoing iron supplementation, the

effects of vadadustat on oral iron absorption could not be determined.

F IGURE 3 Vadadustat effects on erythropoiesis. Vadadustat pharmacologically increases hypoxia-inducible factor (HIF) and transcription of HIF
target genes. In the kidneys and liver, vadadustat improves production of endogenous erythropoietin (EPO), which is insufficient in chronic kidney
disease. EPO increases survival and differentiation of marrow erythroid progenitors (colony-forming units erythroid/proerythroblasts), thereby
expanding red blood cell (RBC) production. In the liver, vadadustat increases production of transferrin, the plasma iron carrier, and decreases production
of hepcidin, the negative regulator of ferroportin, which exports iron from duodenal enterocytes (where iron is absorbed) and hepatocytes and
macrophages (where iron is stored). Increased iron availability and its delivery by transferrin to marrow erythroblasts increases RBC size and
hemoglobin content. In the marrow, vadadustat increases release of reticulocytes compared with ESA administration. The red color intensity of
erythroid cells indicates respective hemoglobin concentrations at each stage

KOURY ET AL. 1185



However, HIF-2α plays key roles in duodenal iron absorption,75 and

vadadustat upregulates HIF target genes encoding cytochrome B

reductase, divalent metal transporter 1, and ferroportin in duodenal

enterocytes.43 These changes combined with decreased hepcidin in

vadadustat-treated patients suggest that vadadustat likely increases

iron absorption. Indeed, two other phase 3 trials demonstrated that

vadadustat was noninferior to darbepoetin with respect to hemato-

logic efficacy in patients with NDD-CKD and DD-CKD who had nor-

mal range serum ferritin concentrations.55,56 However, clinical trials

are needed to test whether vadadustat combined with oral iron sup-

plementation can achieve and maintain target hemoglobin concentra-

tions in CKD patients while reducing or eliminating intravenous iron

administration.

In conclusion, results from four large phase 3 trials comparing the

investigational drug vadadustat with an ESA, darbepoetin, demon-

strated that vadadustat can increase endogenous EPO production,

improve erythroblast iron availability, and increase circulating reticulo-

cytes in patients with CKD and anemia. Although the underlying phys-

iological mechanisms of these present results were not directly

investigated, they are likely due to vadadustat effects on the kidneys,

liver, and bone marrow (Figure 3).

AUTHOR CONTRIBUTIONS

Contributions: Wolfgang C. Winkelmayer, Glenn M. Chertow, Kai-

Uwe Eckardt, Youssef M. K. Farag, and Patrick S. Parfrey conceived

and designed the study. Wenli Luo acquired the data and Mark

J. Koury, Wolfgang C. Winkelmayer, Glenn M. Chertow, Kai-Uwe Eck-

ardt, Todd Minga, and Wenli Luo analyzed the data. Mark J. Koury

wrote the first draft and Mark J. Koury, Rajiv Agarwal, Glenn

M. Chertow, Kai-Uwe Eckardt, Steven Fishbane, Tomas Ganz, Volker

H. Haase, Mark R. Hanudel, Patrick S. Parfrey, Pablo E. Pergola, Prabir

Roy-Chaudhury, James A. Tumlin, Robert Anders, Youssef M. K.

Farag, Wenli Luo, Todd Minga, Christine Solinsky, Dennis L. Vargo,

and Wolfgang C. Winkelmayer revised critically for important intellec-

tual content. All authors contributed to the interpretation of the

results. All authors provided final approval for the version to be pub-

lished. The corresponding author attests to having full access to the

study data and was responsible for the final decision to submit this

manuscript for publication.

ACKNOWLEDGMENTS

The authors wish to acknowledge the contribution of the study partic-

ipants. Medical writing assistance was provided by Cadent, a Syneos

Health group company, and was supported by Akebia Therapeutics,

Inc. This study was funded by Akebia Therapeutics Inc. and Otsuka

Pharmaceuticals.

CONFLICTS OF INTEREST

Steven Fishbane currently serves as a study consultant for Akebia

Therapeutics Inc., AstraZeneca, and GlaxoSmithKline. Mark J. Koury,

Rajiv Agarwal, Glenn M. Chertow, Kai-Uwe Eckardt, Tomas Ganz,

Volker H. Haase, Mark R. Hanudel, Patrick S. Parfrey, Prabir Roy-

Chaudhury, James A. Tumlin, and Wolfgang C. Winkelmayer currently

serve as study consultants for Akebia Therapeutics Inc. Wenli Luo,

Robert Anders, Christine Solinsky, and Dennis L. Vargo are employees

of Akebia Therapeutics, Inc. Youssef M. K. Farag and Todd Minga

were employees of Akebia Therapeutics, Inc., at the time the study

was conducted.

DATA AVAILABILITY STATEMENT

Proposals for access to original data should be sent to medicalinfo@

akebia.com. Deidentified patient-level data will be available

12 months after U.S. and E.U. approval to qualified researchers with

an appropriate research proposal. The research proposal is subject to

review by an independent review board with final approval by Akebia

Therapeutics Inc.

ORCID

Mark J. Koury https://orcid.org/0000-0002-7303-7694

Tomas Ganz https://orcid.org/0000-0002-2830-5469

REFERENCES

1. Babitt JL, Lin HY. Mechanisms of anemia in CKD. J Am Soc Nephrol.

2012;23(10):1631-1634.

2. Stauffer ME, Fan T. Prevalence of anemia in chronic kidney disease in

the United States. PLoS One. 2014;9(1):e84943.

3. Erslev AJ, Caro J, Miller O, Silver R. Plasma erythropoietin in health

and disease. Ann Clin Lab Sci. 1980;10(3):250-257.

4. Koury ST, Koury MJ, Bondurant MC, Caro J, Graber SE. Quantitation

of erythropoietin-producing cells in kidneys of mice by in situ hybridi-

zation: correlation with hematocrit, renal erythropoietin mRNA, and

serum erythropoietin concentration. Blood. 1989;74(2):645-651.

5. Obara N, Suzuki N, Kim K, Nagasawa T, Imagawa S, Yamamoto M.

Repression via the GATA box is essential for tissue-specific erythro-

poietin gene expression. Blood. 2008;111(10):5223-5232.

6. Koury MJ, Bondurant MC. Erythropoietin retards DNA breakdown

and prevents programmed death in erythroid progenitor cells. Science.

1990;248(4953):378-381.

7. Wu H, Liu X, Jaenisch R, Lodish HF. Generation of committed ery-

throid BFU-E and CFU-E progenitors does not require erythropoietin

or the erythropoietin receptor. Cell. 1995;83(1):59-67.

8. Souma T, Yamazaki S, Moriguchi T, et al. Plasticity of renal

erythropoietin-producing cells governs fibrosis. J Am Soc Nephrol.

2013;24(10):1599-1616.

9. Frede S, Fandrey J, Pagel H, Hellwig T, Jelkmann W. Erythropoietin

gene expression is suppressed after lipopolysaccharide or

interleukin-1 beta injections in rats. Am J Physiol. 1997;273(3 Pt 2):

R1067-R1071.

10. Koury MJ, Haase VH. Anaemia in kidney disease: harnessing hypoxia

responses for therapy. Nat Rev Nephrol. 2015;11(7):394-410.

11. 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.

12. Ganz T, Nemeth E. Iron balance and the role of hepcidin in chronic

kidney disease. Semin Nephrol. 2016;36(2):87-93.

13. Nemeth E, Tuttle MS, Powelson J, et al. Hepcidin regulates cellular

iron efflux by binding to ferroportin and inducing its internalization.

Science. 2004;306(5704):2090-2093.

14. Coffey R, Ganz T. Iron homeostasis: an anthropocentric perspective.

J Biol Chem. 2017;292(31):12727-12734.

15. Ganz T, Nemeth E. Hepcidin and iron homeostasis. Biochim Biophys

Acta. 2012;1823(9):1434-1443.

16. Thiagarajan P, Parker CJ, Prchal JT. How do red blood cells die? Front

Physiol. 2021;12:655393.

1186 KOURY ET AL.

mailto:medicalinfo@akebia.com
mailto:medicalinfo@akebia.com
https://orcid.org/0000-0002-7303-7694
https://orcid.org/0000-0002-7303-7694
https://orcid.org/0000-0002-2830-5469
https://orcid.org/0000-0002-2830-5469


17. Nairz M, Theurl I, Swirski FK, Weiss G. “Pumping iron”-how macro-

phages handle iron at the systemic, microenvironmental, and cellular

levels. Pflugers Arch. 2017;469(3–4):397-418.
18. Li JH, Luo JF, Jiang Y, et al. Red blood cell lifespan shortening in

patients with early-stage chronic kidney disease. Kidney Blood Press

Res. 2019;44(5):1158-1165.

19. Kidney Disease Improving Global Outcomes. KDIGO clinical practice

guideline for anemia in chronic kidney disease. Kidney Int Suppl. 2012;

2(4):279-335.

20. Besarab A, Bolton WK, Browne JK, et al. The effects of normal as

compared with low hematocrit values in patients with cardiac disease

who are receiving hemodialysis and epoetin. N Engl J Med. 1998;

339(9):584-590.

21. Singh AK, Szczech L, Tang KL, et al. Correction of anemia with epoe-

tin alfa in chronic kidney disease. N Engl J Med. 2006;355(20):2085-

2098.

22. Pfeffer MA, Burdmann EA, Chen CY, et al. A trial of darbepoetin alfa

in type 2 diabetes and chronic kidney disease. N Engl J Med. 2009;

361(21):2019-2032.

23. Semenza GL, Wang GL. A nuclear factor induced by hypoxia via de

novo protein synthesis binds to the human erythropoietin gene

enhancer at a site required for transcriptional activation. Mol Cell Biol.

1992;12(12):5447-5454.

24. Eckardt KU, Kurtz A. Regulation of erythropoietin production. Eur J

Clin Invest. 2005;35(suppl 3):13-19.

25. Salceda S, Caro J. Hypoxia-inducible factor 1α (HIF-1α) protein is rap-

idly degraded by the ubiquitin-proteasome system under normoxic

conditions: its stabilization by hypoxia depends on redox-induced

changes. J Biol Chem. 1997;272(36):22642-22647.

26. Jaakkola P, Mole DR, Tian YM, et al. Targeting of HIF-α to the von

Hippel-Lindau ubiquitylation complex by O2-regulated prolyl hydrox-

ylation. Science. 2001;292(5516):468-472.

27. Ivan M, Kondo K, Yang H, et al. HIFα targeted for VHL-mediated

destruction by proline hydroxylation: implications for O2 sensing. Sci-

ence. 2001;292(5516):464-468.

28. Yu F, White SB, Zhao Q, Lee FS. HIF-1α binding to VHL is regulated

by stimulus-sensitive proline hydroxylation. Proc Natl Acad Sci U S A.

2001;98(17):9630-9635.

29. Epstein AC, Gleadle JM, McNeill LA, et al. C. elegans EGL-9 and mam-

malian homologs define a family of dioxygenases that regulate HIF by

prolyl hydroxylation. Cell. 2001;107(1):43-54.

30. Bruick RK, McKnight SL. A conserved family of prolyl-4-hydroxylases

that modify HIF. Science. 2001;294(5545):1337-1340.

31. Ivan M, Haberberger T, Gervasi DC, et al. Biochemical purification

and pharmacological inhibition of a mammalian prolyl hydroxylase

acting on hypoxia-inducible factor. Proc Natl Acad Sci U S A. 2002;

99(21):13459-13464.

32. Semenza GL. Regulation of mammalian O2 homeostasis by hypoxia-

inducible factor 1. Annu Rev Cell Dev Biol. 1999;15:551-578.

33. Hartman C, Smith MT, Flinn C, et al. AKB-6548, a new hypoxia-

inducible factor prolyl hydroxylase inhibitor increases hemoglobin

while decreasing ferritin in a 28-day, phase 2a dose escalation study

in stage 3 and 4 chronic kidney disease patients with anemia. J Am

Soc Nephrol. 2011;22:435A.

34. Shalwitz R, Hartman C, Flinn C, Shalwitz I, Logan DK. AKB-6548, a

novel hypoxia-inducible factor prolyl hydroxylase inhibitor reduces

hepcidin and ferritin while it increases reticulocyte production and

total iron binding capacity in healthy adults. J Am Soc Nephrol. 2011;

22:45A.

35. Chertow GM, Pergola PE, Farag YMK, et al. Vadadustat in patients

with anemia and non-dialysis-dependent CKD. N Engl J Med. 2021;

384(17):1589-1600.

36. Eckardt KU, Agarwal R, Aswad A, et al. Safety and efficacy of vadadu-

stat for anemia in patients undergoing dialysis. N Engl J Med. 2021;

384(17):1601-1612.

37. Wu A. Tietz Clinical Guide to Laboratory Tests. 4th ed. Saunders/Else-

vier; 2006.

38. Roche Diagnostics GmbH. Cobas CRP test [package insert]. Roche

Diagnostics GmbH. 2019.

39. Scortegagna M, Ding K, Zhang Q, et al. HIF-2α regulates murine

hematopoietic development in an erythropoietin-dependent manner.

Blood. 2005;105(8):3133-3140.

40. Kapitsinou PP, Liu Q, Unger TL, et al. Hepatic HIF-2 regulates eryth-

ropoietic responses to hypoxia in renal anemia. Blood. 2010;116(16):

3039-3048.

41. Warnecke C, Zaborowska Z, Kurreck J, et al. Differentiating the

functional role of hypoxia-inducible factor (HIF)-1α and HIF-2α
(EPAS-1) by the use of RNA interference: erythropoietin is a

HIF-2α target gene in Hep3B and Kelly cells. FASEB J. 2004;

18(12):1462-1464.

42. Souma T, Nezu M, Nakano D, et al. Erythropoietin synthesis in renal

myofibroblasts is restored by activation of hypoxia signaling. J Am Soc

Nephrol. 2016;27(2):428-438.

43. Hanudel MR, Wong S, Jung G, et al. Amelioration of chronic kidney

disease-associated anemia by vadadustat in mice is not dependent on

erythroferrone. Kidney Int. 2021;100(1):79-89.

44. Koury ST, Bondurant MC, Koury MJ, Semenza GL. Localization of

cells producing erythropoietin in murine liver by in situ hybridization.

Blood. 1991;77(11):2497-2503.

45. Weiss G, Ganz T, Goodnough LT. Anemia of inflammation. Blood.

2019;133(1):40-50.

46. Donohue DM, Reiff RH, Hanson ML, Betson Y, Finch CA. Quantita-

tive measurement of the erythrocytic and granulocytic cells of the

marrow and blood. J Clin Invest. 1958;37(11):1571-1576.

47. Hillman RS, Giblett ER. Red cell membrane alteration associated with

“marrow stress.” J Clin Invest. 1965;44(10):1730-1736.

48. Major A, Bauer C, Breymann C, Huch A, Huch R. RH-erythropoietin

stimulates immature reticulocyte release in man. Br J Haematol. 1994;

87(3):605-608.

49. Major A, Mathez-Loic F, Rohling R, Gautschi K, Brugnara C. The

effect of intravenous iron on the reticulocyte response to recombi-

nant human erythropoietin. Br J Haematol. 1997;98(2):292-294.

50. Chamberlain JK, Lichtman MA. Marrow cell egress: specificity of the

site of penetration into the sinus. Blood. 1978;52(5):959-968.

51. Aoki M, Tavassoli M. Dynamics of red cell egress from bone marrow

after blood letting. Br J Haematol. 1981;49(3):337-347.

52. Talks KL, Turley H, Gatter KC, et al. The expression and distribution

of the hypoxia-inducible factors HIF-1α and HIF-2α in normal human

tissues, cancers, and tumor-associated macrophages. Am J Pathol.

2000;157(2):411-421.

53. Ben-Shoshan J, Schwartz S, Luboshits G, et al. Constitutive expres-

sion of HIF-1α and HIF-2α in bone marrow stromal cells differentially

promotes their proangiogenic properties. Stem Cells. 2008;26(10):

2634-2643.

54. Yamashita T, Ohneda O, Sakiyama A, Iwata F, Ohneda K, Fujii-

KuriyamaY. Themicroenvironment for erythropoiesis is regulated byHIF-

2α through VCAM-1 in endothelial cells. Blood. 2008;112(4):1482-1492.

55. Nangaku M, Kondo K, Kokado Y, et al. Phase 3 randomized study

comparing vadadustat with darbepoetin alfa for anemia in Japanese

patients with nondialysis-dependent CKD. J Am Soc Nephrol. 2021;

32(7):1779-1790.

56. Nangaku M, Kondo K, Ueta K, et al. Efficacy and safety of vadadustat

compared with darbepoetin alfa in Japanese anemic patients on

hemodialysis: a phase 3, multicenter, randomized, double-blind study.

Nephrol Dial Transplant. 2021;36(9):1731-1741.

57. Chen JJ, Zhang S. Heme-regulated eIF2α kinase in erythropoiesis and

hemoglobinopathies. Blood. 2019;134(20):1697-1707.

58. Zhang FL, Shen GM, Liu XL, et al. Hypoxic induction of human

erythroid-specific delta-aminolevulinate synthase mediated by

hypoxia-inducible factor 1. Biochemistry. 2011;50(7):1194-1202.

KOURY ET AL. 1187



59. Koury MJ, Ponka P. New insights into erythropoiesis: the roles of

folate, vitamin B12, and iron. Annu Rev Nutr. 2004;24:105-131.

60. Mathieu JR, Heinis M, Zumerle S, Delga S, Le Bon A, Peyssonnaux C.

Investigating the real role of HIF-1 and HIF-2 in iron recycling by

macrophages. Haematologica. 2014;99(7):e112-e114.

61. Haase VH, Chertow GM, Block GA, et al. Effects of vadadustat on

hemoglobin concentrations in patients receiving hemodialysis previ-

ously treated with erythropoiesis-stimulating agents. Nephrol Dial

Transplant. 2019;34(1):90-99.

62. Sanghani NS, Haase VH. Hypoxia-inducible factor activators in renal

anemia: current clinical experience. Adv Chronic Kidney Dis. 2019;

26(4):253-266.

63. Agarwal AK. Iron metabolism and management: focus on chronic kid-

ney disease. Kidney Int Suppl. 2021;11(1):46-58.

64. Peyssonnaux C, Zinkernagel AS, Schuepbach RA, et al. Regulation of

iron homeostasis by the hypoxia-inducible transcription factors

(HIFs). J Clin Invest. 2007;117(7):1926-1932.

65. Volke M, Gale DP, Maegdefrau U, et al. Evidence for a lack of a direct

transcriptional suppression of the iron regulatory peptide hepcidin by

hypoxia-inducible factors. PLoS One. 2009;4(11):e7875.

66. Liu Q, Davidoff O, Niss K, Haase VH. Hypoxia-inducible factor regu-

lates hepcidin via erythropoietin-induced erythropoiesis. J Clin Invest.

2012;122(12):4635-4644.

67. Mastrogiannaki M, Matak P, Mathieu JR, et al. Hepatic hypoxia-

inducible factor-2 down-regulates hepcidin expression in mice

through an erythropoietin-mediated increase in erythropoiesis. Hae-

matologica. 2012;97(6):827-834.

68. Kautz L, Jung G, Valore EV, Rivella S, Nemeth E, Ganz T. Identification

of erythroferrone as an erythroid regulator of iron metabolism. Nat

Genet. 2014;46(7):678-684.

69. Coffey R, Sardo U, Kautz L, Gabayan V, Nemeth E, Ganz T. Erythro-

ferrone is not required for the glucoregulatory and hematologic

effects of chronic erythropoietin treatment in mice. Physiol Rep.

2018;6(19):e13890.

70. Rolfs A, Kvietikova I, Gassmann M, Wenger RH. Oxygen-regulated

transferrin expression is mediated by hypoxia-inducible factor-1.

J Biol Chem. 1997;272(32):20055-20062.

71. Lin L, Valore EV, Nemeth E, Goodnough JB, Gabayan V, Ganz T. Iron

transferrin regulates hepcidin synthesis in primary hepatocyte culture

through hemojuvelin and BMP2/4. Blood. 2007;110(6):2182-2189.

72. Hentze MW, Muckenthaler MU, Galy B, Camaschella C. Two to

tango: regulation of mammalian iron metabolism. Cell. 2010;142(1):

24-38.

73. Zhao N, Zhang AS, Enns CA. Iron regulation by hepcidin. J Clin Invest.

2013;123(6):2337-2343.

74. Parrow NL, Li Y, Feola M, et al. Lobe specificity of iron binding to

transferrin modulates murine erythropoiesis and iron homeostasis.

Blood. 2019;134(17):1373-1384.

75. Mastrogiannaki M, Matak P, Keith B, Simon MC, Vaulont S,

Peyssonnaux C. HIF-2α, but not HIF-1α, promotes iron absorption in

mice. J Clin Invest. 2009;119(5):1159-1166.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Koury MJ, Agarwal R, Chertow GM,

et al. Erythropoietic effects of vadadustat in patients with

anemia associated with chronic kidney disease. Am J Hematol.

2022;97(9):1178‐1188. doi:10.1002/ajh.26644

1188 KOURY ET AL.

info:doi/10.1002/ajh.26644

	Erythropoietic effects of vadadustat in patients with anemia associated with chronic kidney disease
	1  INTRODUCTION
	2  METHODS
	2.1  Trial designs and oversight
	2.2  Patients and assessments
	2.3  Data analysis and statistical methods

	3  RESULTS
	3.1  EPO concentrations, hemoglobin concentrations, and RBCs
	3.2  Effects on reticulocyte numbers
	3.3  Effects on erythrocyte indices
	3.4  Effects on TIBC, serum iron, and TSAT
	3.5  Effect on serum hepcidin and ferritin

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICTS OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


