
Increased serum hepcidin contributes to the anemia
of chronic kidney disease in a murine model

Anemia is very common in chronic kidney disease
(CKD) patients,1 and has been associated with adverse
cardiovascular outcomes in this population.2 The patho-
genesis of CKD-associated anemia is multifactorial, con-
tributed to by relative erythropoietin (Epo) deficiency,
absolute and functional iron deficiencies, decreased red
blood cell survival, and uremia-induced erythropoiesis
inhibition.3 The iron-regulatory hormone hepcidin may
provide a link between inflammation and disordered iron
homeostasis that contributes to CKD-associated anemia.
Moreover, hepcidin-mediated iron restriction may con-
tribute to resistance to recombinant erythropoietin,4 one
of the mainstays of CKD-associated anemia treatment.
Erythropoietin  hyporesponsiveness and the utilization of
high-dose erythropoietin have been associated with
increased mortality rates in the CKD population.5 As
such, possible therapies targeting hepcidin may result in
improved erythropoietin responsiveness and improved
outcomes. Therefore, elucidation of the role of hepcidin
in CKD may allow for a better understanding of the
pathogenesis of CKD-associated anemia, as well as
insight into optimal anemia treatment strategies in CKD
patients.
Hepcidin is secreted by the liver, and regulates iron lev-
els by binding to the cellular iron exporter ferroportin,

causing its internalization and degradation, resulting in
decreased iron export from cells into plasma.6 Hepcidin
affects enterocytes, inhibiting dietary iron absorption;
hepatocytes, preventing the mobilization of hepatic iron
stores; and hepatic and splenic macrophages, inhibiting
the efflux of recycled iron.6 Reticuloendothelial cell
sequestration of iron results in a functional iron deficien-
cy and an iron-restricted erythropoiesis. Hepcidin pro-
duction is induced by iron loading and inflammatory
cytokines, and suppressed by iron deficiency and ery-
thropoietic activity.7

Cross-sectional studies have shown that, as glomerular
filtration rate declines, circulating hepcidin levels increase
in CKD patients.8 Elevated hepcidin in CKD is thought to
result from increased inflammation and/or decreased
renal function, as kidney excretion represents a major
mode of hepcidin clearance.9 However, the assessment of
hepcidin levels in CKD patients may be confounded by
the use of erythropoietin-stimulating agents (ESAs) and
iron therapy, as both erythropoiesis and iron therapy
affect hepcidin levels. Importantly, cross-sectional studies
demonstrate an association between increased hepcidin
levels and worsening kidney function only, without prov-
ing that hepcidin actually contributes to CKD-associated
anemia. Furthermore, the measurement of serum hep-
cidin levels in humans is not standardized, and different
studies have utilized different assays, including ELISAs,
radioimmunoassays, and mass spectrometry-based
assays. As absolute hepcidin levels differ based on which
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Figure 1. Renal histology in wild-type and hepcidin knockout control and CKD mice. WT and HKO mice fed the adenine diets developed adenine crystal depo-
sition and diffuse tubulointerstitial damage with leukocytic infiltration. 40x magnification, scale bar 50 µm. CKD: chronic kidney disease; WT: wild-type; HKO:
hepcidin knockout.



assay is used,10 comparing hepcidin measurements
among studies is difficult.
We sought to determine the role of hepcidin in CKD-
associated anemia using a mouse model, which allowed
us to circumvent possible confounding by ESA use and/or
iron therapy. We compared hepcidin knockout (HKO)
CKD mice to wild-type (WT) CKD mice, allowing us to
directly test the hypothesis that hepcidin ablation amelio-
rates CKD-associated anemia. CKD was induced in WT
C57BL/6 mice (n=16) and HKO C57BL/6 mice (n=22) by
feeding them a 0.2% adenine diet for eight weeks.11

Corresponding WT (n=16) and HKO (n=20) control
groups were placed on identical diets without adenine.
The study diets were started when the mice were eight
weeks old. To prevent the development of iron overload,
the HKO mice were fed a low iron diet containing 4 ppm
iron, from weaning at four weeks of age until study diet
initiation. WT mice were fed standard mouse chow con-
taining 335 ppm iron until study diet initiation. All study
diets (with adenine and without adenine) contained 50
ppm iron, a concentration which provided sufficient iron
to the WT mice without overloading the HKO mice.
Hematologic parameters were measured at diet initiation
and at study conclusion.
After eight weeks of the adenine-rich diet, the WT
CKD and HKO CKD groups developed marked kidney
tubulointerstitial damage with leukocytic infiltration and
adenine crystal deposition, similar to what has been
observed in other C57BL/6 mouse adenine-induced CKD
models11 (Figure 1). Correspondingly, the CKD groups
had markedly higher blood urea nitrogen (BUN) levels
than their control counterparts (Figure 2A). In both the
WT and HKO cohorts, levels of serum amyloid A (SAA),

an inflammatory marker, did not differ between the con-
trol and CKD groups at the study endpoint (Figure 2B).
Serum hepcidin levels were higher in the WT CKD group
than in the WT control group (Figure 2C), and increased
despite anemia, mimicking human CKD. In HKO mice,
circulating hepcidin levels have previously been shown to
be undetectable.12 Interestingly, serum iron increased in
the WT CKD and HKO CKD groups (Figure 2D). This
increase in serum iron occurred despite elevated hepcidin
levels and anemia in the WT CKD group, suggesting
decreased consumption of iron, and less efficient use of
iron for erythropoiesis, in the setting of CKD. In addition,
serum iron and hepcidin did not correlate, similar to what
has been observed in human CKD studies.13

Among the WT mice, the WT CKD group experienced
marked decreases in mean corpuscular volume (MCV)
and hemoglobin (Figure 2E,F). The WT CKD group had
only marginally higher serum erythropoietin levels than
the WT control group, and the levels remained
unchanged from baseline (Figure 2G, P=0.53 vs. baseline),
indicating a failure to respond to anemia. In contrast to
the WT CKD mice, the HKO CKD mice developed only
slightly lower MCV and hemoglobin vs. controls (Figure
2E,F). Indeed, the development of CKD, with similar
degrees of uremia, resulted in significantly greater anemia
in the WT mice (hemoglobin ~6 g/dl lower than controls)
vs. the HKO mice (hemoglobin ~2 g/dl lower than con-
trols) (P=0.048), suggesting the pathogenic role of hep-
cidin in the anemia of CKD. Compared to baseline val-
ues, hemoglobin remained unchanged in the HKO CKD
group (P=0.99), but increased from baseline in the HKO
control group (P<0.001). This small increase in hemoglo-
bin in the HKO control group was likely due to the dif-
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Figure 2 A-G. Serum parameters in wild-type and hepcidin knockout control and CKD mice. Serum urea nitrogen, amyloid A, hepcidin, iron, MCV, hemoglobin
and erythropoietin, measured at baseline and at eight weeks. Data are presented as medians and interquartile ranges. For CKD vs. control at eight weeks,
*P<0.05, **P<0.01, ***P<0.001. Although the WT CKD and HKO CKD groups had similar increases in blood urea nitrogen, only the WT CKD group became
anemic. WT: wild-type; HKO: hepcidin knockout; MCV: mean corpuscular volume; SAA: serum amyloid A.
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ferent diets that the HKO mice were fed prior to the base-
line measurements (four weeks of 4 ppm iron diet) vs. the
final measurements (eight weeks of 50 ppm iron diet), a
regimen necessary to prevent iron overload in these mice.
The higher iron content in the eight-week study diet
allowed the HKO control group to develop mild poly-
cythemia, which is commonly observed in HKO mice.14

For the same reason, both the HKO control and CKD
groups had increased MCV (Figure 2E) and decreased ery-
thropoietin (Figure 2G) compared to baseline (P<0.05 for
both), although the differences were more pronounced in
the HKO control group. Also, the slightly lower hemo-
globin and MCV in the HKO CKD mice vs. controls sug-
gest that other CKD-associated factors besides hepcidin
affect erythropoiesis. 
In all WT mice, hepcidin positively correlated with
BUN (Figure 3A). The observations that the WT CKD
group had higher hepcidin levels than the WT control
group, despite similar SAA concentrations, and that hep-
cidin positively correlated with BUN, suggest that
decreased hepcidin clearance may be important in this
CKD model. In all WT mice, MCV and hemoglobin
inversely correlated with hepcidin (Figure 3B,C).
In summary, in this murine CKD model, hepcidin abla-
tion clearly ameliorated CKD-associated anemia, demon-
strating the importance of hepcidin in this pathologic
process. Similar results were recently published by

Akchurin et al.,15 demonstrating the reproducibility and
robustness of this finding. The significant contribution of
hepcidin to the anemia of CKD is an important observa-
tion given the potential of anti-hepcidin therapies as pos-
sible future treatments of CKD-associated anemia.
Furthermore, in the WT CKD group, we observed elevat-
ed hepcidin levels despite no difference in inflammatory
markers, suggesting that impaired renal clearance may be
an important determinant of hepcidin levels in CKD.
There are several limitations to our study, including
incomplete biochemical assessment. Given the limited
amount of blood available from each mouse, BUN was
the only evaluation of renal function. Moreover, to assess
iron status, we measured serum iron levels, but did not
calculate transferrin saturation or quantitate hepatic iron
content, the latter of which may have provided a better
estimation of total body iron stores. Still, in a mouse
model unburdened by the limitations of human studies,
we have demonstrated that serum hepcidin levels
increase in CKD and significantly contribute to CKD-
associated anemia.
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Figure 3A-C. Serum hepcidin correlations in wild-type mice. Hepcidin vs.
urea nitrogen, MCV vs. hepcidin, and hemoglobin vs. hepcidin in the WT
group. Hepcidin correlated directly with urea nitrogen, and inversely with
MCV and hemoglobin. Pearson product-moment correlation coefficients
are presented. MCV: mean corpuscular volume. 
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