
Efficacy estimation of erythropoiesis-stimulating
agents using erythropoietin-deficient anemic mice

Erythropoietin (EPO) is an essential growth factor for
red blood cell (RBC) production, and it is mainly pro-
duced by renal EPO-producing (REP) cells in the kidneys
in an anemia/hypoxia-inducible manner.1,2

Erythropoiesis-stimulating agents (ESAs), including
recombinant human EPO (rHuEPO), have been used to
treat EPO-deficiency anemia in kidney disease patients
for a quarter of a century.3,4 Due to the short plasma half-
life of rHuEPO (approx. 1 day after subcutaneous injec-
tion), renal anemia patients require rHuEPO injections
every 2 or 3 days to maintain their RBC count at non-
anemic levels.3 Recently, long-acting ESAs, Darbepoetin
alpha (DA, genetically modified EPO) and continuous
EPO receptor (EPOR) activator (C.E.R.A., chemically
modified rHuEPO), have been developed, with plasma
half-lives of approximately 2 days and 5 days, respective-

ly, after subcutaneous injection.3,4 Because of the lack of
suitable animal models of EPO-deficiency anemia, it has
been difficult to elucidate the detailed profiles of ESA-
induced erythropoiesis in vivo. We recently generated a
genetically modified mouse model of EPO-deficiency
anemia, inherited super anemia mouse/mice (ISAM,
EpoGFP/GFP:Tg3.3K-EpoE3 genotype).5 Using ISAM, we were able
to obtain comparable measurements of the efficacies of 3
ESAs and demonstrated that the efficacies of these agents
on erythropoiesis and iron metabolism depend on their
plasma half-lives.

ISAM exhibit severe normocytic-normochromic ane-
mia due to the loss of renal EPO production.5 The EPO-
deficiency anemia in ISAM begins approximately two
weeks after birth, when the major site of EPO production
switches from the liver to the kidneys.5,6 We first con-
firmed that the hematocrit values and hemoglobin con-
centrations in the peripheral blood of ISAM were
decreased to half of those in control mice at four weeks
of age (Online Supplementary Figure S1A). Iron concentra-
tions in the serum and liver of ISAM were higher than
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Figure 1. Erythropoiesis-stimulating
agents (ESA) administration stimulates
erythropoiesis and induces erythrofer-
rone expression in hematopoietic
organs, followed by the suppression of
hepcidin production in inherited super
anemia mouse/mice (ISAM).  (A)
rHuEPO, DA or C.E.R.A. was subcuta-
neously injected into 12- to 14-week old
ISAM at a 3.0 µg/kg BW dose on day 0,
and the hemoglobin concentration, red
blood cell (RBC) count and mean corpus-
cular volume (MCV) in the peripheral
blood were measured 3 and 7 days after
injection. The spleen weights were also
measured; n=4-6. *P<0.01, #P<0.05
compared with vehicle-treated mice
(white circles) using Dunnett’s test at
each time point.  (B) Serum hepcidin
concentrations were measured 2, 3 and
7 days after administration of each ESA.
Data from the untreated control mice are
also shown; n=3 for each point. *P<0.01
compared with ISAM on day 0 using non-
parametric Steel test.  (C) At 6 and 48 h
after the injection of ESAs into ISAM, the
expression levels of Hamp (hepcidin)
and Fam132b (erythroferrone) mRNA
were measured in the livers and
hematopoietic organs [bone marrow
(BM) and spleen], respectively. Data
from untreated control mice are also
shown; n=3 for each group. *P<0.01
compared with the vehicle-treated sam-
ples using Student’s t-test at each time
point.
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those in control mice, suggesting that iron usage for ery-
thropoiesis was suppressed due to anemia in ISAM.
Consistently, the unsaturated iron binding capacity of
transferrin (UIBC) in the peripheral blood was decreased,
and the serum level of hepcidin, a peptide hormone that
inhibits iron entry into circulation,7,8 was increased in
ISAM. In addition, we found that EPO deficiency seems
to be indirectly related to both systemic hypoxia and car-

diomegaly through chronic severe anemia in mature
ISAM (Online Supplementary Figure S1B and C).  Three
representative ESAs (rHuEPO, DA and C.E.R.A.) were
subcutaneously injected into ISAM at 3.0 µg of EPO-pep-
tide weight per 1 kg body weight (BW), a comparable
dose to that in clinical use. Three days after single injec-
tions of each ESA (day 3), the hemoglobin and RBC con-
centrations in the peripheral blood of ISAM were
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Figure 2.  A single dose of C.E.R.A. continuously induces erythropoiesis and iron utilization in inherited super anemia mouse/mice (ISAM). (A) C.E.R.A. was
subcutaneously injected at a 3.0 µg/kg BW dose into ISAM on day 0. Changes in the levels of the indicated parameters were measured; n=3 for each point.
Data from untreated control mice are also shown. *P<0.01 compared with vehicle-treated ISAM at each time point using Student’s t-test. (B) Fixed-point obser-
vation of the inside of the back skin of a living ISAM 3 and 7 days after C.E.R.A. administration. Red blood cells filled the vascular networks of ISAM 7 days after
injection. Scale bar 500 µm. (C) Berlin blue staining of the spleen sections from ISAM 7 days after the injection of vehicle or C.E.R.A. shows a decrease in hemo-
siderin deposition (blue) following C.E.R.A. administration. Scale bar 30 µm. MCV: mean corpuscular volume.
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increased, as were the mean corpuscular volume (MCV)
of RBCs and the weight of the spleen, the major site of
EPO-inducible erythropoiesis in mice (Figure 1A).9 These
data indicate that these 3 ESAs similarly induce erythro-

poiesis in ISAM on day 3. Although C.E.R.A. further
increased the levels of hemoglobin and RBC during the
last four days of observation, the erythropoietic effects of
rHuEPO or DA were eliminated on day 7 (Figure 1A).
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Figure 3.  C.E.R.A. administration improves the cardiomegaly and hypoxic milieu of inherited super anemia mouse/mice (ISAM). (A) Hematoxylin-eosin staining
of ISAM heart sections 7 days after C.E.R.A. or vehicle administration. An image from an untreated control mouse is also shown. LV: left ventricle; RV: right ven-
tricle.  (B)  Weight (% body weight, BW) and maximum width of the ISAM hearts were measured 7 days after C.E.R.A. or vehicle administration. The data from
the untreated control mice are also shown; n=3 for each group.  (C) Weights of ISAM hearts were measured at 28 days after C.E.R.A. or vehicle administration
in ISAM with recurring anemia.  Data from the untreated control mice are also shown; n=3 for each group.  (D) mRNA expression levels of the Egln3 (Phd3) gene
in the heart and the Slc2a3 (Glut3) gene in the kidney were measured 10 days after C.E.R.A. or vehicle injection in ISAM. Data from untreated control mice are
also shown. Male mice at 12-16 weeks of age were analyzed; n=3 for each group. (E) Changes in the mRNA expression of the indicated genes were examined
in the kidneys of ISAM-REC mice injected with C.E.R.A. or vehicle every week for 28 days; n=3 for each group. The arrow indicates an undetectable level.
*P<0.01, #P<0.05 compared with vehicle-treated ISAM-REC mice using Student’s t-test. (F) EpoGFP (green) and tdTomato (red) fluorescence was detected in
kidney sections from ISAM-REC mice injected with C.E.R.A. or vehicle every week for 28 days. (Right) Merged images of EpoGFP and tdTomato expression, with
DAPI counterstaining. C: cortex; m: medulla.
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Thus, the profiles of erythropoietic induction by ESAs
largely depend on their plasma half-lives.

The elevated concentration of serum hepcidin in ISAM
was strongly decreased to levels less than those in normal
mice on day 3 (Figure 1B). At day 7, C.E.R.A. continued
to suppress hepcidin levels, whereas hepcidin levels
increased again in ISAM injected with DA or rHuEPO.
The circulating hepcidin concentration is fundamentally
regulated at the gene (Hamp) transcription level in hepa-
tocytes.7,8,10 Each ESA significantly suppressed Hamp
mRNA expression in ISAM livers 48 hours after adminis-
tration (Figure 1C). At 6 hours after administration,
C.E.R.A. dramatically decreased Hamp mRNA levels,
whereas rHuEPO or DA administration did not change
the induced Hamp levels. Hepatic Hamp expression is
strongly suppressed by erythroferrone, which is secreted
by erythroblasts immediately after EPO stimulation.7,11 In
the hematopoietic organs of ISAM, erythroferrone gene
(Fam132b) expression was induced  6 hours after C.E.R.A.
administration, and the induced levels were maintained
48 hours after administration (Figure 1C). DA administra-
tion induced Fam132b mRNA expression in the bone
marrow of ISAM 6 and 48 hours after administration,
suggesting different organ distributions of ESAs. In fact,
rHuEPO induced Fam132b expression in the bone mar-
row of ISAM 6 hours after administration but not in the
bone marrow and spleen 48 hours after administration
(Figure 1C). These data suggest that EPO gradually and
persistently suppresses hepatic hepcidin production
through the quick and transient induction of erythroblas-
tic erythroferrone production because rHuEPO decreases
the elevated hepcidin levels in ISAM on day 2 and day 3
but not at 6 hours after administration (see Figure 1C).
Although the mechanism of erythroferrone-mediated
hepcidin suppression is unknown, the efficacies of short-
er half-life ESAs on hepcidin suppression are weaker than
that of C.E.R.A. by single-dose injection.

The hemoglobin levels of ISAM were continuously
increased for seven days after administration, and the
increased level was maintained for an additional seven
days (Figure 2A). Indeed, fixed-point images of the ISAM
back skin showed that the thin blood vessels of ISAM
were filled with RBCs on day 7 (Figure 2B). Because both
the MCV and spleen weights returned to the basal levels
of the untreated ISAM at day 10 (Figure 2A), we conclud-
ed that C.E.R.A. continuously stimulates erythropoiesis
for one week after administration. 

C.E.R.A. dramatically reduced serum iron concentra-
tions to the level of normal mice at day 3 (Figure 2A).
Because of the rapid reduction in serum iron concentra-
tions, the UIBC of ISAM was higher than that of control
mice on day 3 and day 7. The altered levels of both serum
iron and UIBC returned to untreated-ISAM levels on day
14. The accumulated iron in the spleens and livers of
ISAM were decreased on day 3 and day 7, respectively
(Figure 2A). Berlin blue staining also revealed decreased
iron deposits in the ISAM spleens on day 7 (Figure 2C).
Because the splenic iron was used before the hepatic iron
was used, local splenic iron storage may be predominant-
ly utilized for erythropoiesis instead of hepatic iron. The
reduced serum hepcidin concentrations and hepatic
Hamp mRNA expression in ISAM treated with C.E.R.A.
were comparable to those of control mice between day 3
and day 7 and increased again returning to their original
levels at day 14 (Figure 2A). 

We then investigated the cardiomegaly and systemic
hypoxia in ISAM after C.E.R.A. administration. ISAM
hearts were enlarged due to severe anemia at 12 weeks of
age, and C.E.R.A. administration decreased the size and

weight within seven days (Figure 3A and B). The anemia
phenotype was reversed 28 days after a single dose of
C.E.R.A. (Online Supplementary Figure S2A), and car-
diomegaly developed again in ISAM (Figure 3C). These
data indicate that severe anemia reversibly causes car-
diomegaly in mice. A systemic hypoxic milieu emerged as
a result of the severe anemia in ISAM, and the expression
levels of the hypoxia-inducible genes Egln3 and Slc2a312

were significantly higher in the hearts and kidneys,
respectively, of vehicle-treated ISAM than in those of the
control mice (Figure 3D). The induced gene expression
levels were reduced to the levels of control mice on day
10 (Figure 3D). These therapeutic effects were similarly
observed in rHuEPO-treated ISAM when the hemoglobin
level was increased to the normal range by 4 injections
per day for seven days (Online Supplementary Figure S3).

In the ISAM-REC mice (EpoGFP/GFP:Tg3.3K-EpoE3:Rosa26LSL-

tdTomato:TgEpoCre genotype), tdTomato expression permanently
labels all REP cells, and EpoGFP expression is a marker
for REP cells in which the transcription of the Epo allele
is activated.5 To characterize REP cells under stable non-
anemic conditions, C.E.R.A. was injected into ISAM
every week for four weeks. The hematocrit values of
ISAM remained in the normal range after the second
injection (Online Supplementary Figure S2B), and EpoGFP
mRNA expression was dramatically decreased, whereas
the expression of REP-cell markers (tdTomato and Pdgfrb)
were unaffected on day 28 (Figure 3E).13 The expression
of the hypoxia-inducible Adm (Adrenomedullin) gene in
ISAM kidneys was significantly reduced by the weekly
C.E.R.A. administration,12 indicating that the hypoxic
milieu of the ISAM kidneys was ameliorated. Analyses of
tissue sections from the ISAM-REC kidneys also demon-
strated that the increased expression of EpoGFP in the
REP cells of ISAM disappeared after the weekly C.E.R.A.
administration, without a loss of tdTomato-positive REP
cells (Figure 3F). These results demonstrate that Epo tran-
scription is activated in the REP cells, which sense hypox-
ia/anemia, and that the total number of REP cells is stable
in the kidneys regardless of the oxygen conditions.

This study proposes  ISAM  as a remarkable experi-
mental system to assess ESA efficacy and to elucidate the
in vivo mechanisms of erythropoiesis that are linked to
iron metabolism. The increased serum and tissue iron
levels, which are considered to be the source of cytotoxic
hydroxyl radicals,14 were decreased immediately and sus-
tainably after C.E.R.A. administration. Both the hypoxic
milieu and cardiomegaly in ISAM were ameliorated by
ESA administration. Renal anemia in chronic kidney dis-
eases is often linked to chronic heart failure [cardio-renal-
anemia syndrome (CRAS)].15 We propose that ESA may
interfere with the CRAS linkage by inducing erythro-
poiesis, and ISAM may help elucidate the molecular basis
of CRAS.
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